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ABSTRACT
Geopolymer concrete (GPC) is a sustainable alternative to ordinary Portland cement
(OPC) concrete. The production of GPC requires two main components: aluminosilcate
source materials and alkaline activator. The aluminosilcate materials must be rich in
aluminate (Al) and silica (Si) and can be industrial by-products such as slag and fly ash.
The alkaline activator is produced by combining either sodium silicate and sodium
hydroxide or potassium silicate and potassium hydroxide. However, the selection of the
aluminosilcate material and alkaline activator for the production of GPC depends upon
several factors including cost, application and availability of materials. The main role of
the alkaline activator is to facilitate the polymerization process. Since GPC is produced
without any cement, GPC offers a significant reduction in CO2 emissions compared to
OPC and is known as earthly concrete or green concrete. The mechanical properties of
ambient cured GPC are comparable with the mechanical properties of similar strength
OPC concrete. The GPC offers higher fire resistance with low susceptibility to shrinkage
and creep than OPC concrete. Thus, GPC has emerged as a cement-less concrete for the
development of new infrastructure in the construction industry. Apart from several
advantages, however, some of the challenges in the use of GPC include the need for
special handling, high brittleness, low tensile strength, and lack of ductility. The addition
of non-metallic fibers, such as polypropylene fiber (PF) and glass fibers (GF) is one of
the solutions to overcome the brittleness of GPC. The incorporation of fibers enhances
the energy absorption capacity by controlling the development of the cracks, ultimately
increasing the tensile and flexural strengths of GPC concrete.
Glass fiber reinforced polymer (GFRP) bars are lighter in weight compared to the
conventional steel bars and inherently made up of corrosion resistant material. In addition,
viii

GFRP bars are non-electromagnetic in nature and possess high tensile strength than the
equivalent steel bars, which makes GFRP a suitable alternative of steel bars for the
internal reinforcement of reinforced concrete (RC) structures. Irrespective of the
beneficial features, due to the low compressive strength of FRP bars compared to their
tensile strength, the contribution of FRP bars in compression is either ignored or
underestimated. Therefore, significant research investigations are required to investigate
the use of FRP bars in columns. In fact, the friendly composition of geopolymer concrete
and advantageous properties of GFRP reinforcement may promote the column as a
sustainable and structurally adequate member. Also, this new combination is an
appropriate solution for the structures located in aggressive environments, for example
marine environment or structures that house equipment sensitive to electromagnetic
effects. As of this writing, recognizing a new area of research, a limited number of studies
have been conducted to investigate the behavior of GFRP reinforced geopolymer concrete
columns. In particular, the behavior of fiber reinforced GPC circular columns reinforced
with GFRP bars and GFRP helices under axial compression has not been investigated in
the previous studies. Also, the structural performance of GFRP reinforced circular GPC
columns under different loading conditions was not addressed thoroughly in the previous
studies and requires detailed investigation.
This study aims to investigate the experimental and analytical behavior of plain and
fiber-reinforced circular GPC columns reinforced with GFRP bars and GFRP helices
under different loading conditions. Initially, ambient cured plain, polypropylene fiber
(PF) and glass fiber (GF) reinforced GPC mixes were developed and their engineering
properties were investigated in detail. Afterwards, nineteen circular geopolymer concrete
specimens were cast and tested under different loading conditions (concentric axial, 15
ix

mm eccentric axial, 35 mm eccentric axial and flexural loads). The column specimens
tested under axial loads were of 160 mm diameter and 640 mm height. The specimens
tested under flexural load (four-point bending) were of 160 mm diameter and 1500 mm
height. The behavior of the specimens was investigated under the influence of the various
parameters, such as the type of reinforcement (steel vs. GFRP), pitch of the helices (40
mm, 75 mm and 100 mm), addition of fibers (PF and GF) and loading conditions. Finally,
an analytical investigation was conducted to develop the analytical model for the loadmoment interactions of GFRP reinforced GPC columns. The developed model predicted
the load and moment capacities of GFRP reinforced GPC columns with good accuracy
and analytical results matched well with the experimental results.
Based on the experimental and analytical results, geopolymer concrete and GFRP bars
are a suitable combination for the construction of sustainable and durable RC columns.
The confinement provided by GFRP helices to the concrete core helped in resisting the
loads. Overall, the reduction in the pitch of the GFRP helices enhanced the confinement
efficiency, post-peak behavior and ductility of the plain and fiber-reinforced geopolymer
concrete columns. Also, the addition of fibers (PF and GF) significantly improved the
ductility of GPC columns reinforced with GFRP bars and GFRP helices. Moreover, the
confinement model-based equations provide accurate predictions of the theoretical load
carrying capacity of the columns reinforced with GFRP bars and GFRP helices. The
analytical model developed in this study considers the effect of the confinement provided
by the helical reinforcement and can be used for the accurate predictions of the load and
moment capacities of GFRP reinforced GPC circular columns.
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= radius of concrete cross-section (D/2)

𝑣𝑣𝑓𝑓

= volumetric ratio of fibers

𝑟𝑟ℎ

= radius of the helices from inner edge

α𝑓𝑓

= reduction factor for compressive strength of FRP bars

δ

= axial deformation in column

𝜀𝜀1

= strain corresponding to the point where the tangent to the ascending branch of

𝜀𝜀2

= strain corresponding to 85% of peak stress on post-peak slope

𝜀𝜀𝑐𝑐′

= strain corresponding to peak stress

𝜀𝜀𝑐𝑐𝑐𝑐

′
= unconfined concrete compressive strain corresponding to 𝑓𝑓𝑐𝑐𝑐𝑐

stress-strain curve intersects with a horizontal line

𝜀𝜀𝑏𝑏𝑏𝑏𝑏𝑏

= strain in longitudinal reinforcing bar

𝜀𝜀𝑐𝑐

= compressive concrete strain at any point

𝜀𝜀𝑐𝑐𝑐𝑐

= confined concrete compressive strain corresponding to 𝑓𝑓𝑐𝑐𝑐𝑐′
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1. Chapter One: Introduction
1.1 Overview
The production of ordinary Portland cement (OPC) not only depletes significant
amount of natural resources but also releases a huge amount of CO2 into the atmosphere.
The manufacturing of OPC is highly energy-intensive after aluminum and steel1 [1]. The
manufacturing of one ton of OPC emits approximately 0.7-0.8 ton of CO2 [2,3]. In
general, cement industry is responsible for contributing approximately 5-7% of the total
CO2 emissions [4]. It is estimated that approximately 23 billion tons of concrete are used
per year around the globe and the demand is continuously increasing due to the huge
infrastructure development [5]. Therefore, the concept of sustainable development and
usage of environment friendly construction materials have emerged to reduce the
contribution of construction industry in the global warming. The development of
geopolymers as an alternative to OPC was one of the major breakthroughs in the concrete
technology in the 20th century.
The corrosion of steel reinforcement is one of the major problems, which leads to
significant reduction in the load carrying capacity of reinforced concrete (RC) structures.
As micro cracks propagate, the concrete cover start deteriorating and eventually the
reinforcement gets exposed to the external environment. Thus, humidity and air penetrate
through these cracks and accelerates the corrosion of steel reinforcement. In addition,
columns in off-shore and aggressive environments are more prone to physical
deterioration and involves huge maintenance cost which restrict the use of steel
reinforcement in such a harsh atmospheres. Furthermore, steel reinforcement has very
low electro-magnetic resistance, so conventional steel reinforcement is least preferred
option for structures that house equipment sensitive to electromagnetic waves. On the
1

other hand, fiber reinforced polymer (FRP) reinforcement is a suitable alternative of steel
reinforcement because of their noncorrosive nature, high tensile strength, low weight and
high electro-magnetic resistance [6,7]. As of the several advantages, the use of FRP bars
in columns have gained significant research attention over the last few decades. In
particular, the combination of GFRP bars and geopolymer concrete is a suitable option
for the construction of columns in harsh environments and require in depth investigation.
Based on the aforesaid discussion, this study aims to investigate the experimental and
analytical behavior of circular geopolymer concrete columns reinforced with longitudinal
GFRP bars and transverse GFRP helices. Initially, the mix design of an ambient cured
plain and fiber-reinforced geopolymer concrete was developed. A detailed investigation
was conducted to study the engineering properties of plain and fiber-reinforced
geopolymer concrete. Afterwards, nineteen steel and GFRP reinforced circular plain and
fiber reinforced geopolymer concrete column specimens were cast and tested under
different loading conditions. Finally, an analytical investigation was performed to study
the load-moment (P-M) interactions of GFRP bar reinforced circular geopolymer
concrete columns.
1.2 Background
1.2.1 Geopolymer Concrete
Geopolymer concrete is a new form of concrete, which is produced by
geopolymerization of alumino-silicate materials such as ground granulated blast furnace
slag (GGBFS) and fly ash (FA) in the presence of an alkaline solution. In 1991,
Davidovits [8] first introduced semi-crystalline three-dimensional alumino-silicate
amorphous materials, called ‘‘geopolymers’’ (mineral polymers resultant from
geochemistry). The chemical composition of geopolymers is similar to zeolites and they
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form by co-polymerization of alumino-silicate compounds. The high pH value and
dissolution of aluminium and silicon from raw materials such as GGBFS and FA, in the
presence of alkaline (sodium hydroxide and sodium silicate) solution originates aluminosilicate compounds. As a result, geopolymerization transforms the alumino-silicate
materials into suitable cementitious materials with exceptional chemical and physical
properties [9]. Since, geopolymer concrete is produced without any fraction of OPC it is
also known as sustainable concrete.
Apart from sustainability benefits of geopolymer concrete, the production cost of
higher grade geopolymer concrete is lower than the production cost of OPC concrete of
same grade. Thaarrini and Dhivya [10] compared the production cost of geopolymer
concrete and OPC concrete based on the market rates of the ingredients and socioeconomic feasibility. It was found that marginal cost savings can be achieved by using
the geopolymer concrete compared to the conventional concrete.
1.2.2 Fiber-Reinforced Geopolymer Concrete (FRGC)
The short and long-term mechanical properties of geopolymer concrete are
comparable with the mechanical properties of similar OPC concrete [11-12]. Apart from
several advantages, geopolymer concrete possess high brittleness with low ductility as
compared to OPC concrete [12,13]. One commonly adopted approach is to substitute this
deficiency by the incorporation of micro fibers. The addition of fibers in concrete
improves the energy absorption capacity through bridging the gap and reducing the
cracks width, which ultimately increases the tensile and flexural strengths of the concrete.
In recent years, considerable developments were observed in the area of fiberreinforced geopolymer concrete (FRGC) [14-17]. The addition of fibers changes the
brittle behavior of a geopolymer concrete to ductile or quasi ductile with significant
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development in tensile strength, toughness, tensile strain and energy absorption
capacities [18]. Farhan et al. [19] found that the addition of steel fibers significantly
improved the engineering properties of geopolymer concrete. The large steel fibers act
as a bridge between the big cracks and improve the overall toughness, while micro steel
fibers increase the pre-cracking and post cracking response. However, steel fibers are
prone to corrosion and are generally expensive. The addition of non-metallic fibers such
as polypropylene fiber (PF) and glass fiber (GF) have the advantage of being noncorrosive and alkali-resistant in nature [20]. Also, PF and GF are cheaper than the steel
fibers, which make them a suitable option for the fiber reinforcement of geopolymer
concrete.
1.2.3 Fiber Reinforced Polymer (FRP) bars
The conventional practice in the construction industry is to use steel bars to reinforce
the concrete structures. The high tensile strength and thermal compatibility of steel with
concrete promotes steel as a good reinforcement option for concrete members. However,
with the passage of time reinforced concrete (RC) structures deteriorate, which lead to
the spalling of concrete cover and exposure of steel reinforcement to the external
moisture. This initiates the corrosion of steel reinforcement and ultimately reduces the
overall performance of the reinforcement. In addition, concrete columns in marine and
aggressive environments are prone to structural deterioration, which highlight that steel
reinforcement is not a suitable building material for such a harsh environment.
In the last few decades, the utilization of fiber reinforced polymer (FRP) reinforcement
has emerged as an alternative of steel reinforcement for RC structures [6,7]. FRP bars
offers several advantages, including corrosion and electro-magnetic resistance, high
tensile strength and light in weight compared to the equivalent steel bars [21-23]. Since
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FRP bars do not corrode, the cost of repair and maintenance for FRP RC structures is
significantly less than the steel RC structures. The high electro-magnetic resistance makes
FRP bars an appropriate solution for the structures that are sensitive to electro-magnetic
effects. The tensile strength of FRP bar is marginally higher than the tensile strength of
equivalent steel bar. This superior mechanical property of FRP bar over the steel bar
offers an enhanced tensile strength capacity of FRP RC structures. The FRP bars are much
lighter than the equivalent steel bars, which makes them easy to handle on the
construction site and involves low transportation cost. Thus, FRP bar reinforcement has
an advantage of being more economical than the conventional steel bar reinforcement.
Due to several valuable properties, FRP bars emerged as an appropriate solution for the
internal reinforcement of concrete structures particularly for aggressive (marine)
environments. FRP bars are generally produced using aramid, carbon and glass fibers. In
comparison with Aramid-FRP (AFRP) and Carbon-FRP (CFRP), Glass-FRP (GFRP)
bars possess better mechanical characteristics, economical and are more desirable in the
construction industry [23].
1.3 Review of the FRP reinforced geopolymer concrete columns
The use of FRP bars to reinforce the flexural concrete members such as beams have
been extensively investigated [24-27] and the research is still underway to expand the
existing developments. In fact, design guidelines and standards such as American
Concrete Institute ACI 440.1R-15 [28] and Canadian Standard Association CSA S80617 [29] are available for FRP reinforced flexural concrete members. However, the studies
on FRP reinforced concrete compression members are somewhat limited. This is because
of the fact that FRP bars possess complex behavior under compression. The FRP bars
have lower compressive strength compared to their tensile strength [21]. Also, FRP bars
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show linear elastic behavior until the failure and are anisotropic in nature, which causes
a micro buckling of fibers and ultimate failure of FRP bars tested under compression [22].
In recent years, several experimental studies were conducted to investigate the
behavior of FRP reinforced OPC and high strength concrete (HSC) columns [21-23,3035]. The studies highlighted a notable contribution of FRP bars in the overall axial load
carrying capacity of the concrete columns. Also, it was recommended that the
contribution of FRP bars should not be neglected in FRP reinforced concrete columns
[34,35]. On the other hand, few studies investigated the applicability of geopolymer
concrete in FRP reinforced geopolymer concrete columns. Maranan et al. [36]
experimentally tested full scale GFRP reinforced geopolymer concrete circular columns
under concentric axial load. It was found that GFRP bars contributed an average of about
7.6% to the overall capacity of the geopolymer concrete columns. Elchalakani et al. [37]
investigated the behavior of square geopolymer concrete columns reinforced with FRP
bars and stirrups. It was found that the confinement efficiency and ductility of columns
were improved by reducing the spacing of the FRP stirrups.
An extensive review of literature on the development and practical applications of
geopolymer concrete in reinforced concrete columns is presented in Sections 2.2, 3.2, 4.2,
5.2 and A.2 of Chapters two, three, four, five and Appendix A, respectively.
1.4 Problem Statement
Significant research studies have been conducted in the last two decades to study the
behavior of concrete members reinforced with FRP bars. These studies contributed in the
development of design guidelines and standards for FRP bars reinforced concrete flexural
members such as in ACI 440.1R-15 [28] and CSA S806-17 [29]. However, ACI 440.1R15 [28] provide no design guideline for FRP RC compression members. Similarly, CSA
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S806-17 [29] ignores the contribution of FRP bars in the compression members. This is
because of the fact that FRP bars are anisotropic and non-homogenous in nature, which
results in micro buckling of FRP fibers under compression.
A number of studies have been conducted to evaluate the performance of glass fiber
reinforced (GFRP) OPC and HSC concrete columns [21-23,31-35]. However, only few
studies have investigated the behavior of GFRP reinforced geopolymer concrete columns
[36,37]. In particular, there has been no study to evaluate the performance of fiberreinforced geopolymer concrete reinforced with GFRP bars and GFRP helices. Also, the
effect of replacing steel reinforcement with the same amount of GFRP reinforcement in
geopolymer concrete columns under different loading conditions has not been adequately
investigated. This study proposes an eco-friendly concrete (geopolymer) reinforced with
GFRP which does not corrode to increase the life span of reinforced concrete structures.
Moreover, combining geopolymer concrete with GFRP reinforcement may promote the
column in harsh environments as a sustainable structural member with adequate strength.
1.5 Research Objectives
The scope of this research study can be briefly outlined in the following main
objectives.
1. To investigate the influence of non-metallic (polypropylene and glass) fibers on the
properties of geopolymer concrete. The main objective of the addition of the fibers were
to improve the ductility of geopolymer concrete.
2. To investigate the effect of the addition of polypropylene and glass fibers on the load
carrying capacity, load-deformation response, ductility and failure modes of geopolymer
concrete columns reinforced with GFRP bars and GFRP helices under pure concentric
axial load. The main objective of the addition of fibers were to improve the post-peak
7

behavior of the columns because both geopolymer concrete and GFRP bars are more
brittle than OPC concrete and steel bars.
3. To investigate the effect of direct replacement of steel reinforcement with the
equivalent GFRP reinforcement on the load-deformation response, confinement
efficiency, ductility, and failure mode of the geopolymer concrete columns under
different loading conditions.
4. To investigate the effect of the pitch of the helical confinement and check whether the
existing confinement models for FRP reinforced OPC concrete are applicable for the
theoretical predictions of GFRP reinforced geopolymer concrete columns.
5. To develop an analytical approach to study the load-moment (P-M) interaction
behavior of GFRP reinforced geopolymer concrete columns.
1.6 Research Methodology
The objectives of this research study were achieved using a detailed experimental and
analytical program. The experimental program was accomplished in three phases. In the
first phase, the chemical composition analysis of binders, that is ground granulated blast
furnace slag (GGBFS) and fly ash (FA) using X-ray fluorescence spectroscopy (XRF)
was carried out. In the second phase, mix designs for ambient cured plain and fiberreinforced geopolymer concrete were established. Afterwards, sixty-three specimens
were cast and tested to investigate the influence of the addition of polypropylene fiber
(PF) and glass fiber (GF) on the fresh and the hardened properties of geopolymer
concrete. The main parameters investigated in this phase were workability, compressive,
splitting tensile, flexural and direct tensile strengths. In addition, theoretical equations
were adopted to verify the experimental results of plain and fiber-reinforced geopolymer
concrete.
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In the third phase, nineteen steel and GFRP bar reinforced circular plain and fiber
reinforced geopolymer concrete specimens were cast and tested under different loading
conditions. The main parameters investigated in this research study included, type of
internal reinforcement (steel vs GFRP), pitch of the helices and the addition of PF and
GF on the behavior of the column specimens. The columns specimens tested in this phase
were categorized into three groups as follows.
Group I: Used as a reference group and included four circular geopolymer concrete
specimens reinforced longitudinally and transversally with steel bars and steel helices,
respectively.
Group II: Included nine circular geopolymer concrete specimens reinforced
longitudinally and transversally with GFRP bars and GFRP helices, respectively.
Group III: Included six circular polypropylene and glass fiber reinforced geopolymer
concrete specimens reinforced longitudinally and transversally with GFRP bars and
GFRP helices, respectively.
In addition, a detailed analytical investigation was conducted to develop an analytical
approach to study the axial-flexural behavior of GFRP reinforced geopolymer concrete
columns. The developed analytical approach was verified using the experimental results.
Further, a parametric study was conducted using the analytical approach to investigate
the effect of the various parameters on the behavior of GFRP reinforced geopolymer
concrete columns.
1.7 Thesis Layout
This thesis is structured into six chapters. Each chapter in the thesis excluding the
introduction and conclusion chapters has been published or submitted for the publication
as journal article in high quality journals. The chapters of the thesis include several
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experimental and theoretical studies conducted during the research study and are
organized in consistent pattern. The summary of each chapter is briefly outlined as under:
Chapter One defines the lack in the existing literature regarding the use of GFRP bar in
circular plain and fiber-reinforced geopolymer concrete columns. Further, this chapter
outlines the main objectives and research methodologies to accomplish the objectives of
this research study. Also, the layout of the thesis is presented in this chapter.
Chapter Two presents the chemical composition of binders (GGBFS and FA), mix design
and engineering properties (workability, compressive, splitting tensile, flexural and direct
tensile strengths) of plain and fiber reinforced geopolymer concrete [20] used to cast the
specimens of Group I, II and III.
Chapter Three presents the experimental and analytical investigations on axially loaded
plain and fiber (GF and PF) reinforced geopolymer concrete columns with GFRP cages
to study the effect of the type of reinforcement (steel vs GFRP), pitch of the transverse
helices and the addition of the fibers (GF and PF) [38].
Chapter Four presents the detailed experimental and analytical investigations on the effect
of the steel and GFRP reinforcement, pitch of the helices and the loading condition
(concentric, eccentric and four-point loading) on the structural behavior of geopolymer
concrete columns [39]. Also, in this chapter, the theoretical load carrying capacity of the
columns were predicted using the different confinement models available in the existing
literature.
Chapter Five presents an analytical approach to predict the load and moment capacities
of the GFRP reinforced geopolymer concrete columns under different loading
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(concentric, eccentric and four-point) conditions [40]. The developed analytical loadmoment (P-M) interaction diagrams were then validated against the experimental results
presented in Chapter four. Also, in this chapter a parametric study was conducted to study
the effect of compressive strength of geopolymer concrete and longitudinal reinforcement
ratio on the load-moment response of GFRP bar reinforced geopolymer concrete
columns.
Chapter Six summarizes the overall outcomes of the detailed experimental and analytical
investigations conducted in this research study. Also, this chapter highlights the
recommendations and areas for the future research studies.
Appendix A presents an analytical study conducted to predict the axial-flexural behavior
of the FRP reinforced geopolymer concrete filled FRP tube circular column [41].
Constitutive material models were selected based on their performance. The layer by
layer numerical integration method was used to develop an analytical model for the
accurate prediction of load-moment (P-M) interaction curves. Also, a parametric study
was conducted to ascertain the effects of different parameters on the P-M interaction
behavior of the FRP reinforced geopolymer concrete filled FRP tube circular column.
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Preamble
The main objective of this research study is to investigate the effect of the addition of
glass fiber (GF) and polypropylene fiber (PF) on the behavior of Alkali-activated slag/flyash (AASF) or geopolymer concrete. To achieve the objective of this study, initially, the
mix designs of plain, GF and PF reinforced ambient cured AASF concrete are developed.
Afterwards, the specimens are cast to investigate the engineering properties, such as
workability, compressive strength, splitting tensile strength, direct tensile strength,
flexural strength, and stress-strain behavior under axial compression of various developed
concrete mixes. The experimental test procedures and findings of this research study were
published in ACI Structural Journal and are enclosed in the following sections.
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2.1 Abstract
Alkali-activated slag/fly-ash (AASF) concrete can be used as an environmentally friendly
replacement to ordinary Portland cement concrete (OPC). However, the development of
micro cracks in AASF concrete is mainly due to high brittleness, which causes negative
impacts on its engineering properties. This study investigates the effect of the addition of
non-metallic fibers including polypropylene fiber (PF) and glass fiber (GF) on the
engineering properties of ambient cured AASF concrete. The investigated engineering
properties of AASF concrete include workability, compressive strength, splitting tensile
strength, direct tensile strength, flexural strength, and stress-strain behavior under axial
compression. It was found that the engineering properties of ambient cured AASF
concrete improved significantly with the addition of GF compared to the addition of PF.
However, the workability of AASF concrete decreased with the addition of PF and GF.
Overall, the ductility of ambient cured AASF concrete increased significantly with the
addition of PF and GF.
2.2 Introduction
Increasing global consumption of concrete for infrastructure has led to the increasing
use of ordinary Portland cement (OPC). Every year, 23 billion metric tons of concrete are
used globally [1]. The cement industry is accountable for over 5-7% of the total CO2
emissions [2,3]. Peng et al. [4] reported that, for every metric ton of OPC, 0.7-0.8 metric
ton of CO2 gas is released into the atmosphere. In recent years, a significant amount of
research studies investigated the use of alternative materials, particularly industrial byproducts, to replace the cement. Davidovits [5] developed an inorganic polymer with the
alkalination of Al2O3 and SiO2 -based aluminosilicate raw materials. As a result of the
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process (that is, geopolymerization), a new polymer was developed, which is known as
geopolymer. The whole process of geopolymerization involves alkalination,
depolymerization, condensation and poly-condensation of compounds in the presence of
alkaline solution, i.e., sodium silicate (Na2SiO3) and sodium hydroxide (NaOH) [6].
Although, the term “alkali-activation” indicates a different process such as distraction of
molecules, in the literature, concrete based on aluminosilicate materials have been
interchangeably termed as geopolymer concrete and alkali-activated concrete. Teh et al.
[6] and McLellan et al. [7] found that the incorporation of aluminosilicate binders in
concrete reduces CO2 emissions by 32-44%.
Alkali-activated concrete (AAC) possesses some superior engineering properties over
OPC concrete including lower creep and shrinkage. In addition, AAC has high fire and
sulphate resistance than OPC concrete [8-10]. Overall, the use of fly-ash (FA) as a binder
improves the workability and setting time of AAC [11,12]. Heat curing of FA based AAC
is commonly employed to improve the mechanical properties. Heat curing increases the
extent and rate of reaction, which improves the compressive strength of AAC at an early
age [13-15]. However, heat curing of AAC restricts its use to precast members.
Ambient cured AAC is a suitable option for in-situ construction. The ambient curing
decreases the complexity, energy demand and cost of the AAC. Islam et al. [16] found
that the addition of slag significantly increased the compressive strength of FA based
alkali-activated mortar. Hadi et al. [17] reported that the compressive strength of AAC
increased significantly by the partial replacement of FA with ground-granulated blast
furnace slag (GGBFS).
Whilst alkali-activated slag/fly-ash (AASF) concrete and OPC concrete share many
physical properties, there are marked differences in their mechanical properties. Shaikh
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[18] found that AASF concrete possessed comparatively low tensile and flexural
strengths than OPC concrete. In addition, it has low ductility and high brittleness [19-21].
Pan et al. [19] found that for a given compressive strength of concrete, geopolymer
concrete had higher brittleness than OPC concrete. The usual method to counteract the
brittleness and improve the ductility of AASF concrete is the inclusion of fibers.
Davidovits [22] first investigated the behavior of fiber-reinforced geopolymer concrete.
Once cured, fibers distribute the tensile stress across the cracks, which reduces the crack
propagation. Also, the inclusion of fibers improves the ductility of AASF concrete [18].
In the previous studies, the effect of the addition of different type of fibers in AASF
concrete was investigated, including steel fiber [23,24], carbon fiber [25], and cotton fiber
[26]. Farhan et al. [24] reported a significant improvement in the mechanical properties
of AASF concrete for the addition of different type of steel fibers. However, steel fibers
are susceptible to corrosion in case of surface deterioration and loss of concrete cover
[27]. The use of carbon and cotton fibers in AASF concrete is a relatively expensive
option and suitable for precast applications. On the other hand, non-metallic fibers that
is, polypropylene fiber (PF) and glass fiber (GF) have the advantage of being noncorrosive and relatively cheaper than the other fibers. In addition, they have high alkaline
resistance and elastic modulus, which makes them suitable options for the internal
reinforcement of AASF concrete.
A large number of research studies investigated the behavior of OPC with the addition
of PF and GF. It was found that, in general, the mechanical properties of OPC concrete
were improved for the addition of PF and GF [28-31]. On the other hand, a few research
studies investigated the behavior of alkali-activated composites with the addition of PF
and GF. Puertas et al. [32] found a small increase in the compressive strength and flexural
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strength of alkaline cement mortar with the addition of 0.5% and 1% PF. Reed et al. [33]
observed that the ductility of ambient cured fly-ash (FA) based geopolymer concrete
increased with the addition of 0.15% PF but suffered a decrease in the compressive
strength. Behfarnia and Rostami [34 found that the compressive strength, split tensile
strength and flexural strength of water cured AASF increased with the addition of 0.24%
PF. Nematollahi et al. [35] observed that the addition of GF up to 1.25% increased the
compressive strength and flexural strength of FA based geopolymer concrete. Recently,
Panda et al. [36] reported an increase in the mechanical performance of GF reinforced
AASF mortar.
It has been revealed in a detailed review of the literature that PF and GF are suitable
to improve the engineering properties of alkali-activated composites. The inclusion of PF
and GF could potentially enhance the ductility of AASF concrete. However, the influence
of the PF and GF on the engineering properties of AASF concrete has not been adequately
investigated. Also, none of the research studies examined the direct tensile strength of
ambient cured AASF concrete reinforced with PF and GF. Hence, the aim of this research
study is to investigate the relative performance of PF and GF reinforced AASF concrete
cured at ambient conditions. A detailed experimental program was conducted to achieve
the objective of this study. The test results of this study would help to extend the use of
fibrous AASF concrete for in-situ construction.
2.3 Research Significance
Non-metallic fibers such as polypropylene fiber (PF) and glass fiber (GF) possess good
chemical resistance and provide an effective internal reinforcement for AASF concrete.
In addition, both PF and GF improve the ductility of AASF concrete. Compared to the
steel fibers, PF and GF are lightweight, can rearrange the anchorage in the matrix and
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increase the performance of AASF concrete. Hence, it is important to investigate the
influence of PF and GF on the behavior of ambient cured AASF concrete under
compression, tension and flexure.
2.4 Experimental Program
2.4.1 Materials
The AASF concrete used in this study was prepared with an aluminosilicate material
consisted of fly-ash (FA) and ground granulated blast furnace slag (GGBFS). The
chemical composition of FA and GGBFS was analyzed with X-ray fluorescence
spectroscopy (XRF) at the Environmental Sciences laboratory of University of
Wollongong, Australia. The FA contained primary aluminosilicate components of SiO2
= 61.4% and Al2O3 = 22% by mass and was classified as Class F in accordance with
ASTM C618-15 [37]. The GGBFS consisted of CaO = 42.7% by mass and considered as
a super-reactive compound for the synthesis. The FA and GGBFS were supplied by Boral
Group of Companies, Australia and Australasian (iron & steel) Slag Association,
Australia, respectively. The chemical compositions of FA and GGBFS are listed in Table
2.1.
Uniformly graded coarse aggregate (size 5-10 mm [0.19-0.39 in.]) and fine aggregate
(river sand) were used in this study, in accordance with AS 1141.11.1-09 [38]. The
alkaline solution composed sodium silicate (Na2SiO3) and sodium hydroxide (NaOH)
solutions. The Na2SiO3 (Grade D) solution was provided by PQ Australia with Na2O =
14.7 %, SiO2 = 29.4% by mass and a specific gravity of 1.53. The solutions of Na2SiO3
and NaOH were mixed at the mass ratio of 2.5 (Na2SiO3 : NaOH = 2.5). The quantity of
the alkaline activator was 35% of the quantity of binder material (Al/bi = 0.35).
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Table 2.1: Chemical composition (mass %) for fly-ash (FA) and ground granulated blast
furnace slag (GGBFS)
Component
SiO2
Al2O3
Fe2O3
CaO
MgO
K2O
Na2O
TiO2
P2O5
Mn2O3
SO3
Loss on ignition

FA

GGBFS

61.4
22.02
2.55
2.77
0.38
1.05
0.6
0.91
0.19
0.05
0.21
2

34.46
12.78
0.39
42.71
5.32
0.27
0.75
0.82
0.08
0.39
1.68
0.14

The NaOH solution of 14 mole/L [396.4 mole/ft3] concentration was prepared by
slowly adding the crystals of NaOH in potable water (560 g of NaOH crystals in 440 g of
water) [19.75 oz. of NaOH crystals in 15.52 oz. of water] until the crystals of NaOH were
completely dissolved in the water. The NaOH pallets were mixed in the water by using a
magnetic stirrer 24 hours prior to the mixing of concrete. As the reaction was exothermic,
a respiratory mask was used to avoid inhalation of the vapors during the mixing.
Afterwards, the NaOH solution was mixed with liquid Na2SiO3 and used as an alkaline
activator. In order to achieve workability, superplasticiser (Sika Viscocrete 10) with a
density of 1,060 kg/m3 [1,787 lb/yd3] was used.
In this research study, two different types of non-metallic fibers were used, i.e.,
polypropylene fiber (PF) and glass fiber (GF). The individual PF (Confiber 19F) strand
was 19 mm [0.75 in.] in length and 0.55 mm [0.021 in.] in diameter with an elastic
modulus of 38 GPa [5,511 ksi]. The PF was supplied by Sika Australia. The Alkali
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resistant GF strand was 19 mm [0.75 in.] in length and 0.14 mm [0.005 in.] in diameter
with an elastic modulus of 70 GPa [10,152 ksi]. The GF was supplied by Domcrete
Australia. Figure 2.1 presents the PF and GF fibers used in this study.

Fig. 2.1: Non-metallic fibers: (a) Glass fibers and (b) Polypropylene fibers
2.4.2 Mix Design
The mix design of AASF concrete used in this research study was based on a previous
study conducted by Hadi et al. [17] for ambient cured geopolymer concrete at the
University of Wollongong, Australia. The aluminosilicate binder was prepared by mixing
60% FA and 40% slag. The targeted 7-day compressive strength of AASF concrete was
35 MPa [5.07 ksi]. In the preliminary study, it was found that the mix design produced
AASF concrete with low workability and a quick setting time. Moreover, the addition of
PF and GF caused a significant reduction in the slump. Therefore, the mixing procedure
and the mix design proposed by Hadi et al. [17] were modified to meet the requirements
of the current study (*). The water content, superplasticiser dosage and weight of the
aggregates were adjusted, until workable mixes for plain and fibrous AASF concrete were
achieved. The optimum dosage of PF and GF used in this study was based on Reed at al.
[33] and Nemaotollahi et al. [35] for PF and GF, respectively.
*Note: requirements of the study includes, incorporation of (GF and PF) fibers in the mix
and to maintain the desired workability of all the mixes.
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All specimens were labeled with a unique acronym. The symbols, GC, GCPF, and
GCGF refer to plain AASF concrete mix, AASF concrete mix with 0.15% polypropylene
fiber by volume, and AASF concrete mix 1.5% glass fiber by volume, respectively (refer
to Table 2.2 for the mix proportions).
2.4.3 Mixing Procedure
The alkaline activator was prepared by combining Na2SiO3 and NaOH solutions 1 hour
before the mixing of concrete. To avoid the crystallization of the alkaline activator, 30%
of the amount of water and 50% of the amount of superplasticizer were premixed in the
alkaline activator 10 minutes before starting the mixing of the concrete.
The concrete mixing began by adding the coarse and fine aggregates into the mixer
and mixed for one minute. Then slag was added into the mixer and mixed for one minute.
Afterwards, fly- ash was slowly added into the mixer and mixed for another one minute
to ensure a thorough dry mix. Fibers were then added in the GCPF and GCGF mixes
(Table 2.2).
Table 2.2: Mix proportions of AASF concrete
AASF mix
Material
GC
GCPF
GCGF
3
Slag (kg/m )
180
180
180
3
Fly-ash (kg/m )
270
270
270
3
Aggregate (kg/m )
1295
1294
1281
3
Sand (kg/m )
552
551
550
3
Na2SiO3 (kg/m )
112.5
112.5
112.5
3
NaOH (kg/m )
45
45
45
NaOH molarity
14
14
14
Al/binder
0.35
0.35
0.35
Na2SiO3/NaOH
2.5
2.5
2.5
3
Water (kg/m )
86.4
86.4
86.4
3
Superplasticizer (kg/m )
34.7
43.4
43.4
3
Fibers (kg/m )
1.47
38.1
Note: Al/binder denotes alkaline activator to binder mass ratio.1 kg/m3 = 1.686 lb/yd3.
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The fibers were added slowly to prevent balling and ensure an even distribution of
fibers in the mix. Once well-mixed, the premixed alkaline solution was added and mixed
for one and a half minute. Finally, the remaining 70% of the amount of water and 50% of
the amount of superplasticiser were added into the mixer and mixed for another two
minutes. After 6–7 minutes of mixing, the mixing was stopped. The fresh mixes of AASF
concrete were poured into the moulds. The adopted mixing technique was found to be
effective in achieving the desired workability.
2.4.4 Preparation of Specimens
The polyvinyl chloride (PVC) cylindrical molds of 100 mm [3.94 in.] diameter with
200 mm [7.87 in.] height were used to cast and determine the compressive strength of
AASF concrete in accordance with AS 1012.9-14 [39]. In addition, PVC molds of 150
mm [5.91 in.] diameter and 300 mm [11.81 in.] height were used to cast the specimens
for splitting tensile strength test and stress-strain analysis in accordance with AS 1012.102000 [40] and AS1012.17-97 [41], respectively. All cylindrical PVC molds were faced
(ground) at both ends in a digital lathe machine to the accuracy of 0.1 mm [0.0039 in.] to
apply uniform axial compressive loading.
Prism molds of 100 mm x 100 mm [3.94 in. × 3.94 in.] cross-section with 500 mm
[19.69 in.] length made up of plywood were used to cast the specimens for flexural
strength and direct tensile strength tests. All the specimens were cast in three equal layers.
Each layer was adequately compacted using a portable electric vibrator to remove the
entrapped air voids. After finishing the surfaces, all the specimens were kept in the
laboratory in ambient condition for 7 days. Afterwards, all the specimens were demoulded
and left in the laboratory under ambient condition (temperature of 21 ± 2°C, relative
humidity of 55 ± 10%) until the testing day.
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2.4.5 Testing Methods
All AASF concrete specimens were prepared and tested at the Laboratories of the
University of Wollongong, Australia. The slump tests were performed to determine the
consistency of plain and fibrous AASF concrete mixes in accordance with AS-1012.3.198 [42]. The density of ambient cured AASF concrete specimens were determined in
accordance with AS 1012.12.1-98 [43] at 28 days. The average measured densities of
Mixes GC, GCPF and GCGF were 2,350 kg/m3, 2,349 kg/m3 and 2,355 kg/m3 [3961
lb/yd3, 3960 lb/yd3 and 3967 lb/yd3], respectively.
The tests for the compressive strength of ambient cured AASF concrete specimens
were performed in accordance with AS 1012.9-14 [39] at 7, 28, and 56 days. All the test
specimens were capped with plaster of compressive strength 80 MPa to obtain a uniform
loading face. The compressive strength of AASF concrete specimens was determined
using a compression-testing machine of 1,800 kN [405 kip] capacity (Fig. 2.2a). Three
specimens from each mix were tested under compression and the average compressive
strengths are reported.
The tests for the splitting tensile strength of ambient cured AASF concrete at 28 days
were conducted on three specimens from each mix in accordance with AS 1012.10-2000
[40] and the average splitting tensile strengths are reported. Two tempered grade
hardboard-bearing strips of 25 mm by 400 mm [0.98 in. by 15.75 in.] with a thickness of
5 mm [0.20 in.] were used on the top end and bottom end of the specimen to apply the
force through the loading plate. The specimens were tested in a Universal Instron testing
machine with a capacity of 500 kN [113 kip] at a loading rate of 106 kN/min [23.9
kip/min] until the failure of the specimens (Fig. 2.2b).
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Flexure strength tests of ambient cured AASF concrete prisms under four-point
bending was conducted at 28 days in accordance with AS 1012.11-2000 [44]. A 500 kN
[113 kip] Universal Instron testing machine was used to conduct the test under a force
controlled system at a loading rate of 2 kN/s [0.5 kip/s] until the failure of the specimens
(Fig. 2.2c). Three specimens from each mix were tested in flexure and the average
flexural strengths are reported.

Fig. 2.2: Test setup: (a) Compressive strength test; (b) Splitting tensile strength test;
(c) Flexural strength test; and (d) Direct tensile strength test
The tests for the direct tensile strength of ambient cured AASF concrete were
conducted on three prism specimens from each mix at 28 days and the average direct
tensile strengths are reported. The testing method used in this study was first proposed by
Alhussainy et al. [45] to determine the direct tensile strength of self-compacting concrete.
To measure the tension response, two strain gages of 60 mm [2.36 in.] gage length were
bonded on the two opposite faces of the prism (100 × 100 × 500 mm) [3.94 × 3.94 × 19.69
in.] specimen (Fig. 2.2d). A 500 kN [113 kip] Universal Instron testing machine was used
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to conduct the test under the displacement-controlled system at a loading rate of 0.1
mm/min [0.00394 in./min]. All specimens were tested until failure. A computer attached
with a data logger was used to record the testing data.
The stress-strain behavior of the ambient-cured AASF concrete specimens was
analyzed in accordance with AS 1012.17-97 [41]. The testing for stress-strain behavior
was conducted using the 5,000 kN [1125 kip] Denison testing machine under a
displacement controlled system at a loading rate of 0.3 mm/min [0.01181 in./min]. Three
specimens from each mix were tested for stress-strain behavior and the average results
are reported. A strain gage of 60 mm [2.36 in.] gage length was bonded at the mid-height
of each test specimen to measure strain developments. In addition, two linear variable
differential transducers (LVDT) were attached at the two opposite corners of the loading
ramps of the machine to measure the axial deformation of the specimens. The
corresponding axial force was measured directly by the testing machine. To record the
testing data, an electronic data acquisition system attached to a computer was used. Prior
to the testing, all specimens were capped with plaster of compressive strength 80 MPa to
ensure a uniform loading face.
2.5 Experimental Results and Discussions
Three different mix designs were used to study the behavior of AASF concrete with
the addition of polypropylene fiber (PF) and glass fiber (GF) under ambient curing
condition. Table 2.3 and Table 2.4 present the test results of workability, compressive
strength, splitting tensile strength, flexural strength, direct tensile strength and stressstrain behavior of ambient cured AASF concrete.
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Table 2.3: Experimental results of ambient cured AASF concrete
Characteristics
Slump (mm)

Specimen size
-

Compressive
strength (MPa)

100×200 (mm)
150×300 (mm)

Day
7
28
56
28

GC
115
34.5±1.05
54.4±1.08
58.7±1.07
52.4±1.60

AASF mix
GCPF
75
26.7±1.18
47.2±1.03
48.7±1.04
45.3±1.67

GCGF
88
33.7±1.37
52.0±0.85
57.0±0.82
50.4±1.25

Splitting tensile
150×300 (mm)
4.1±0.16
3.2±0.07
4.3±0.27
28
strength (MPa)
Flexural
100×100×500
5.1±0.22
4.9±0.23
6.3±0.26
28
strength (MPa)
(mm)
Direct tensile
100×100×500
2.7±0.15
2.6±0.06
2.9±0.17
28
strength (MPa)
(mm)
Note: ‘±’ represents standard deviation; 1 MPa = 0.145 ksi; 1 mm = 0.0394 in.
2.5.1 Workability
The test results for the slump are presented in Table 2.3. The slump for the plain AASF
(GC) mix was recorded as 115 mm [4.53 in.]. All mixes were stiff and adhesive because
of the presence of Na2SiO3. Similar observations were reported in Olivia and Nikraz [46]
for geopolymer concrete mixes. It was observed that with the addition of PF and GF, the
workability decreased by 34.7 and 23.4%, respectively. The decrease in the slump could
be attributed to the reduced effectiveness and dilution of a superplasticiser in a high
alkaline environment. In addition, the balling of PF and GF during the mixing process
significantly reduced the fluidity of ambient cured AASF concrete. The decreased
workability reduced the efficiency of pouring and compaction, which caused the
formation of voids in GCPF and GCGF concrete mixes.
2.5.2 Compressive Strength
The compressive strength of ambient cured AASF concrete mixes determined at 7, 28
and 56 days are presented in Table 2.3. A significant increase in the compressive strength
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of ambient cured AASF concrete was observed after 7 days in all mixes, similar to the
observations reported in Vijai et al. [47] for geopolymer concrete. Figure 2.3 shows the
strength development with the age and effect of the addition of PF and GF on the
compressive strength in various mixes.
It can be observed that the 7-day average compressive strength of ambient cured AASF
concrete decreased by about 22.6% and 2.3% with the addition of PF and GF,
respectively. Similarly, the 28-day average compressive strengths of GCPF and GCGF
mixes were about 13.2% and 4.4% lower, respectively than the plain ambient cured
AASF concrete (GC) mix. The 56-day average compressive strengths of GCPF and
GCGF mixes were about 17.1% and 2.9%, respectively lower than GC mix (Fig. 2.3).
The reduction in the compressive strength of GCPF mix was because of the low elastic
modulus of PF compared to the matrix, which might have initiated micro cracking and
weakened the mechanical bond between fiber and the gel matrix. These micro cracks
joined to form macro cracks, which reduced the compressive strength of GCPF mix.
Similar observations were reported in Noushini et al. [48] for PF reinforced geopolymer
concrete cured at elevated temperature. Another potential reason for the reduction in the
compressive strength of GCPF and GCGF mix was insufficient compaction due to the
low workability of the fiber-reinforced mixes. The decreased effectiveness of vibration
during casting increased the volume of entrapped air voids. As a result, porosity increased
which reduced the compressive strength of GCPF and GCGF mixes. Similar observations
were reported in Choi and Yuan [30] for PF and GF reinforced OPC concrete.
The compressive strengths of GCGF mix were 26.2, 10.1 and 17% higher at 7 days,
28 days and 56 days, respectively compared to GCPF mix (Fig. 2.3). This could be
attributed to the high elastic modulus and coating of GF with 19% Zirconia which
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enhanced the structural stabilisation of textile fabrics and provided good alkaline
resistance. This ensured the maximum utilisation of GF strength in the loading direction,
similar to the observation reported in Scheffler et al.49 for alkali-resistant glass fiber
textile reinforced concrete.
Based on the test results, it was observed that the average compressive strength of all
ambient cured AASF concrete mixes increased significantly at 28 and 56 days compared
to 7 days. The improvement in the compressive strength highlighted the pozzolanic nature
of the binders (FA and GGBFS). The binders hydrated with age in the presence of
moisture and gained compressive strength, similar to the observations reported in
Pournasiri et al. [50].

Fig. 2.3: Average compressive strength of ambient cured AASF concrete mixes (GC,
GCPF, and GCGF) [Note: 1 MPa = 0.145 ksi]
2.5.3 Splitting Tensile Strength
The splitting tensile strengths of ambient cured AASF concrete mixes at 28 days are
presented in Table 2.3. To determine the splitting tensile strength, the peak load at the
development of the first crack was used. It was found that the addition of PF reduced the
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splitting tensile strength of ambient cured AASF concrete, similar to the observations
reported in Khaliq and Kodur [51]. On the other hand, the addition of GF improved the
splitting tensile strength of ambient cured AASF concrete. Figure 2.4 shows the effect of
adding PF and GF on the splitting tensile strength of AASF concrete cured under ambient
curing conditions.
It was observed that the average splitting tensile strength of AASF concrete reduced
by approximately 21.9% with the addition of PF. This decrease in splitting tensile strength
was due to the low elastic modulus of the individual PF. The surfaces of PF might have
been damaged in the high alkaline environment. In addition, the low workability
increased the voids by creating weaker planes and decreased the splitting tensile strength
of GCPF mix.
Finally, the addition of GF enhanced the splitting tensile strength of AASF concrete.
The improvement in the splitting tensile strength was about 4.8% compared to the GC
mix. The increase in the splitting tensile strength was attributed to the high elastic
modulus of the GF and the participation of GF in intercepting the failure planes. As a
result, GF arrested the micro cracks and delayed the formation of macro cracks in the GF
reinforced AASF concrete.
2.5.4 Flexural Strength
The flexural strengths of ambient cured AASF concrete mixes determined under
flexural loading test at 28 days are shown in Table 2.3. The average flexural strength of
plain AASF concrete mix was 4.1 MPa [0.59 ksi]. Figure 2.4 shows the effect of the
addition of PF and GF on the flexural strength of ambient cured AASF concrete.
It can be observed that, with the addition of PF, the flexural strength of AASF concrete
decreased by approximately 3.9%. The reduction was most likely due to the non34

homogenous distribution of PF caused by the low workability. The reduced workability
created voids and weaker planes, which resulted in poor interfacial bonding within the
matrix in the GCPF mix. Similar observations were reported in Puertas et al. [32] and
Alhozaimy et al. [52].
The addition of GF significantly increased the flexural strength of AASF concrete.
The average flexural strength of GCGF mix was approximately 23.5% higher compared
to GC mix. This significant increase in flexural strength could be attributed to the
increased adhesion at the interface of the matrix and GF. As a result, good bonding
between the fibers and polymeric matrix was achieved, which optimised the stresstransfer mechanism from the matrix to the GF. Although, the length of GF was 19 mm
but the type of GF used in this study comprised non-twisted multifilament (roving) strand
made of E glass with high elastic modulus. Moreover, the surface of GF strand was fairly
rough, which provided effective anchoring inside the mix and controlled the crack
propagation. Therefore, improved flexural strength was achieved in GCGF mix, similar
to the observations reported in Alomayri [52] for GF reinforced fly-ash (FA) based
geopolymer composites.
2.5.5 Direct Tensile Strength
The direct tensile test results determined by the direct tensile loading of prism
specimens of ambient cured AASF concrete mixes tested at 28 days are presented in
Table 2.3. The direct tensile strength was calculated as the maximum tensile load divided
by the reduced cross-sectional area in the middle of the specimens (100 mm × 80 mm)
[3.94 in. × 3.15 in.]. After achieving the maximum tensile load, brittle failures occurred
and all specimens fractured at the mid-height without any warning prior to the failure.
This shows the high brittle nature of ambient cured AASF concrete, similar observations
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were reported for plain AASF concrete mix in Farhan et al. [24]. The specimens were
carefully observed during and after the test. Neither slippage at the claws nor cracking at
the unexpected locations on the specimens was detected. This highlights the proper
alignment of the specimen during the direct tensile loading. Figure 2.4 presents the effect
of the addition of PF and GF on the direct-tensile strength of ambient cured AASF
concrete. The typical failure mode of ambient cured AASF concrete specimens under
direct tensile loading is shown in Fig. 2.5

Fig. 2.4: Splitting tensile (ST) strength, flexural strength (FS) and direct tensile (DT)
strength of ambient cured AASF concrete mixes at 28 days (GC, GCPF, and GCGF)
[Note: 1 MPa = 0.145 ksi]
The addition of PF slightly reduced the direct tensile strength of ambient-cured AASF
concrete. It can be seen in Table 2.3 that the average reduction in the direct tensile strength
was about 3.7%. After the test, several broken fibers were found crossing the fracture
plane, which might have stretched and failed during the crack propagation because of the
low elastic modulus. Therefore, the amount of the volume of concrete taken by these
fibers might have contributed to the overall reduction in the direct tensile strength.
On the other hand, the addition of GF increased the direct tensile strength of ambient36

cured AASF concrete. The increase in the direct tensile strength was about 7.4%
compared to the GC mix (Table 2.3). This enhancement is because of the contribution of
high elastic modulus of GF in arresting the cracks.

Fig. 2.5: Typical failure mode of ambient cured AASF concrete mixes (GC, GCPF,
and GCGF) under direct tensile loading
2.5.6 Stress-Strain behavior under axial compressive loading
The stress-strain behavior of ambient cured AASF concrete was analyzed by testing
cylindrical specimens of 150 mm [5.91 in.] diameter with 300 mm [11.81 in.] height
under axial compressive loading at 28 days. Three specimens from each mix were tested
and average values are reported. The typical stress-strain curves of AASF concrete
specimens are shown in Fig. 2.6. It can be observed in Fig. 2.6 that the stress-strain
behavior of AASF concrete in both ascending and descending branches of the curves
were influenced by the addition of PF and GF. The ascending branch of the stress-strain
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curves was relatively linear until the peak load, whereas in the post-peak zone the slope
of the descending branch decreased with the addition of PF and GF.

Fig. 2.6: Typical stress-strain behavior of ambient cured AASF concrete mixes (GC,
GCPF, and GCGF) under axial compression [Note: 1 MPa = 0.145 ksi; 1 mm = 0.0394
in.]
The peak stress, strain at the peak stress and toughness of the mixes are presented in
Table 2.4. It can be observed that the average peak compressive stress of ambient cured
AASF concrete decreased by 16.3% and 5.6% with the addition of PF and GF,
respectively. This reduction was because of the internal voids and embedded weaker
planes created due to insufficient compaction of GCPF and GCGF mixes. Similarly, the
strain corresponding to the peak stress in GCPF mixes reduced by 3.6% compared to the
GC mix (Table 2.4). On the other hand, the strain corresponding to the peak stress
increased by 17.8% with the addition of GF. This improved strain of the GCGF mix
showed the contribution of high elastic modulus the GF in the stress distribution.
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Table 2.4: Stress-strain behavior of ambient cured AASF concrete mixes under axial
compression
AASF mix
Parameters
fc' (MPa)
Ɛcʹ

Toughness
Ductility (𝜇𝜇)

GC

GCPF

GCGF

45.9
0.0029
0.22
1.66

38.4
0.0028
0.25
2.53

43.3
0.0033
0.23
1.96

Ec a (GPa)
22.8
22.4
23.0
b
Ec (GPa)
32.2
30.3
31.8
c
Ec (GPa)
33.2
30.3
32.3
a
Experimental
b
AS 3600-18 [56]
c
ACI 318-14 [54]
d
Hardjito and Rangan [57]
Note: fc' = Average peak compressive stress (MPa); Ɛcʹ = Average strain corresponding
to average peak stress; 1 MPa = 0.145 ksi; 1 GPa = 145 ksi.
The area under the stress-strain curve in Fig. 2.6 represents the toughness of the mixes.
The toughness was determined by considering the strain to 0.015, which is five times of
the ultimate concrete strain (0.003) in accordance with ACI 318-14 [54]. The average
toughness of AASF concrete increased by approximately 13.6 and 4.5% with the addition
of PF and GF, respectively, causing a significant improvement in the post-peak behavior.
Similar observations were reported in Sivakumar and Santhanam [55] for PF reinforced
concrete.
The experimental and theoretical moduli of elasticity of the mixes are also presented
in Table 2.4. In order to compare the results of this study, the modulus of elasticity of all
AASF mixes was calculated using Eqs. 2.1 and 2.2, as recommended in Australian
Standard AS 3600-18 [56] and American Concrete Institute ACI 318-14 [54],
respectively for OPC concrete. In addition, Eq. 2.3 was used to calculate the modulus of
elasticity, as proposed in Hardjito and Rangan [57] for geopolymer concrete.
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Ec

= ρ1.5 × �0.024�fcmi + 0.12� ± 20%
= ρ1.5 × �0.043�fcmi � ± 20%

fcmi > 40MPa; or

(MPa)

fcmi ≤ 40MPa

(MPa)

(2.1)

Ec

= 0.043wc 1.5 �fc ′

(MPa)

(2.2)

Ec

= 2707�fc ′ + 5300

(MPa)

(2.3)

where; ρ or wc = density of concrete, fcmi = mean in situ 28-day compressive strength and
fc ′ is the 28-day compressive strength [Note: 1 MPa = 0.145 ksi].

It was observed that the theoretical values of modulus of elasticity calculated using

Eq. 2.1 and Eq. 2.2 were 26-32% higher than the experimental values, as shown in Fig.
2.7. It is noted that Eq. 2.1 and Eq. 2.2 recommended in Australian Standard AS 3600-18
[56] and American Concrete Institute ACI 318-14 [54], respectively, are for OPC
concrete. On the other hand, the difference between the experimental and theoretical
moduli of elasticity using Eq. 2.3 was only 1.7-3.4%, similar to the observation reported
for fly ash-geopolymer concrete in Nguyen et al. [58]. Hence, Eq. 2.3 can be acceptable
to predict the elastic modulus of ambient cured AASF concrete (GC, GCPF and GCGF)
mixes.

Fig. 2.7: Modulus of elasticity of ambient cured AASF concrete mixes (GC, GCPF,
and GCGF) [Note: 1 GPa = 145 ksi]
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2.5.7 Ductility
Ductility of concrete is an important parameter for the analysis of concrete structures.
In this study, the performance of 150 mm × 300 mm [5.91 in. × 11.91 in.] specimens was
analyzed by calculating ductility (𝜇𝜇) using Eq. 2.4. The strain Ɛ1 is the point where the
tangent to the ascending branch of the stress-strain curve intersects with a horizontal line
crossing the peak stress and Ɛ2 is the strain corresponding to 85% of peak stress on postpeak slope, as shown in Fig. 2.8(a). The same method was adopted for ductility analysis
of fiber-reinforced geopolymer concrete in Reed et al. [33]. Three specimens from each
mix were tested and the average values for the ductility (𝜇𝜇) are reported in Table 2.4.
μ=

Ɛ2

(2.4)

Ɛ1

Fig. 2.8: Ductility of ambient cured AASF concrete mixes (GC, GCPF, and GCGF):
(a) measurement; and (b) effect of the addition of fibers
It can be observed from Fig. 2.8(b) that the average ductility of ambient cured AASF
concrete increased by approximately 53.3% and 18% with the addition of PF and GF,
respectively than the plain GC mix. This significant increase shows the contribution of
fibers in effectively distributing the stresses, which improved the post-cracking response
and led to controlling the explosive failure of the ambient cured AASF concrete under
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the compressive loading. Similar observations were stated for PF and GF reinforced flyash (FA) based geopolymer composites in Reed et al. [33] and Alomayri et al. [53],
respectively.
2.6 Conclusions
In this study, the effect of adding non-metallic fibers (i.e., polypropylene and glass) on
the engineering properties of ambient cured alkali-activated slag/fly-ash (AASF) concrete
were investigated. The relative performances for the addition of 0.15% PF and 1.5% GF
by volume in AASF concrete were investigated in terms of workability, compressive
strength, splitting strength, flexural strength, direct tensile strength, and stress-strain
behavior under axial compression. Based on the test results presented in this study, the
following conclusions are drawn:
1. The addition of PF and GF decreased the workability of the AASF concrete mix by
34.7% and 23.4%, respectively.
2. The compressive strength of AASF concrete decreased with the addition of PF and
GF. The reduction in the compressive strength were 13.2% and 3.9% with the addition
of PF and GF, respectively.
3. The addition of GF increased the splitting tensile strength, flexural strength and direct
tensile strength of AASF concrete by 4.8%, 23.5%, and 7.4%, respectively. On the
other hand, the addition of PF reduced the splitting tensile strength, flexural strength
and direct tensile strength by
21.9%, 3.9%, and 3.7%, respectively compared to AASF mixes without any fiber.
4. The post peak stress-strain behavior of AASF concrete was significantly improved
with the addition of PF and GF. The inclusion of PF and GF effectively controlled the
crack propagation and improved the ductility of the AASF concrete by 53.3% and 18%
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respectively.
Finally, the experimental test results highlighted that despite the reduction in compressive
strength, the overall engineering properties of ambient cured AASF concrete was
improved with the addition of GF. On the other hand, the addition of PF only enhanced
the post-peak response of ambient cured AASF concrete. Hence, the addition of GF is
recommended to enhance the engineering properties of ambient cured AASF concrete.
References
[1] Miller, D., Doh, J. H., and Mulvey, M., “Concrete slab comparison and embodied
energy optimisation for alternate design and construction techniques,” Construction and
Building Materials, V. 80, 2015, pp. 329-338.
[2] Flower, D. J. M., and Sanjayan, J. G., “Green house gas emissions due to concrete
manufacture,” The International Journal of life cycle assessment, V. 12, No. 5, 2007, pp.
282-288.
[3] Yang, K. H., Jung, Y. B., Cho, M. S., and Tae, S. H., “Effect of supplementary
cementitious materials on reduction of CO2 emissions from concrete,” Journal of
Cleaner Production, V. 103, 2015, pp. 774-778.
[4] Peng, J. X., Huang, L., Zhao, Y. B., Chen, P., Zeng, L., and Zheng, W., “Modeling of
carbon dioxide measurement on cement plants,” Advanced materials research, V. 610613, 2013, pp. 2120-2128.
[5] Davidovits, J., “Geopolymer, green chemistry and sustainable development solutions:
proceedings of the world congress geopolymer,” Geopolymer Institute, 2005, pp. 9-15.
[6] Teh, S. H., Wiedmann, T., Castel, A., and de Burgh, J., “Hybrid life cycle assessment
of greenhouse gas emissions from cement, concrete and geopolymer concrete in
Australia,” Journal of cleaner production, V. 152, May 2017, pp. 312-320.
43

[7] McLellan, B. C., Williams, R. P., Lay, J., Van Riessen, A., and Corder, G. D., “Costs
and carbon emissions for geopolymer pastes in comparison to ordinary portland cement.”
Journal of cleaner production, V. 19, 2011, pp. 1080-1090.
[8] Duxson, P., Provis, J. L., Lukey, G. C., and Van Deventer, J. S., “The role of inorganic
polymer technology in the development of ‘green concrete’.” Cement and Concrete
Research, V. 37, No. 12, 2007, pp. 1590-1597.
[9] Sofi, M., Van Deventer, J. S. J., Mendis, P. A., and Lukey, G. C., “Bond performance
of reinforcing bars in inorganic polymer concrete (IPC).” Journal of Materials Science,
V. 42, No. 9, pp. 3107-3116.
[10] Abdel-Gawwad, H. A., El-Aleem, S. A., El-Enein, S. A. A, and Khalifa, M.,
“Resistivity of eco-friendly alkali activated industrial solid wastes against sulfur
oxidizing bacteria.” Ecological Engineering, V. 112, 2018, pp. 1-9.
[11] Lee, N. K., and Lee, H. K., “Setting and mechanical properties of alkali-activated
flyash/slag concrete manufactured at room temperature.” Construction and Building
Materials, V. 47, 2013, pp. 1201-1209.
[12] Nath, P., and Sarker, P. K., “Effect of GGBFS on setting, workability and early
strength properties of fly ash geopolymer concrete cured in ambient condition.”
Construction and Building Materials, V. 66, 2014, pp. 163-171.
[13] Van Jaarsveld, J. G. S., Van Deventer, J. S. J., and Lukey, G. C., “The effect of
composition and temperature on the properties of fly ash-and kaolinite-based
geopolymers,” Chemical Engineering Journal, V. 89, No. 1-3, 2002, pp. 63-73.
[14] Sindhunata, Van Deventer, J. S. J., Lukey, G. C., and Xu, H., “Effect of curing
temperature and silicate concentration on fly-ash-based geopolymerization.” Industrial
& Engineering Chemistry Research, V. 45, No. 10, 2006, pp. 3559-3568.
44

[15] Aziz, M. A. E., El-Aleem, S. A., and Heikal, M., “Physico-chemical and mechanical
characteristics of pozzolanic cement pastes and mortars hydrated at different curing
temperatures.” Construction and Building Materials, V. 26, No. 1, 2012, pp. 310-316.
[16] Islam, A., Alengaram, U. J., Jumaat, M. Z. and Bashar, I. I., “The development of
compressive strength of ground granulated blast furnace slag-palm oil fuel ash-fly ash
based geopolymer mortar.” Materials & Design, V. 56, 2014, pp. 833-841.
[17] Hadi, M. N. S., Farhan, N. A., and Sheikh, M. N., “Design of geopolymer concrete
with GGBFS at ambient curing condition using Taguchi method.” Construction and
Building Materials, V. 140, 2017, pp. 424-431.
[18] Shaikh, F. U. A., “Review of mechanical properties of short fibre reinforced
geopolymer composites.” Construction and Building Materials, V. 43, 2013, pp. 37-49.
[19] Pan, Z., Sanjayan, J. G., and Rangan, B. V., “Fracture properties of geopolymer paste
and concrete.” ICE Magazine of concrete research, V. 63, No. 10, 2011, pp. 763-771.
[20] Haider, G. M., Sanjayan, J. G., and Ranjith, P. G., “Complete triaxial stress–strain
curves for geopolymer.” Construction and building materials, V. 69, 2014, pp. 196-202.
[21] Lokuge, W., and Karunasena, W., “Ductility enhancement of geopolymer concrete
columns using fibre-reinforced polymer confinement.” Journal of Composite Materials,
V. 50, No. 14, 2016, pp. 1887-1896.
[22] Davidovits, J., “Geopolymers: inorganic polymeric new materials.” Journal of
Thermal Analysis and calorimetry, V. 37, No. 8, 1991, pp. 1633-1656.
[23] Bernal, S., De Gutierrez, R., Delvasto, S., and Rodriguez, E., “Performance of an
alkali-activated slag concrete reinforced with steel fibers.” Construction and building
Materials, V. 24, No. 2, 2010, pp. 208-214.

45

[24] Farhan, N. A., Sheikh, M. N., and Hadi, M. N. S, “Engineering Properties of Ambient
Cured Alkali-Activated Fly Ash–Slag Concrete Reinforced with Different Types of Steel
Fiber.” Journal of Materials in Civil Engineering, V. 30, No. 7, 2018, p. 04018142.
[25] Ranjbar, N., Mehrali, M., Mehrali, M., Alengaram, U. J., and Jumaat, M. Z.,
“Graphene nanoplatelet-fly ash based geopolymer composites.” Cement and Concrete
Research, V. 76, 2015, pp. 222-231.
[26] Alomayri, T., Shaikh, F. U. A., and Low, I. M., “Characterisation of cotton fibrereinforced geopolymer composites.” Composites Part B: Engineering, V. 50, 2013, pp.
1-6.
[27] Saravanan, G., Jeyasehar, C. A., and Kandasamy, S., “Flyash Based Geopolymer
Concrete-A State of the Art Review.” Journal of Engineering Science & Technology
Review, V. 6, No. 1, 2013, pp. 25-32.
[28] Yap, S. P., Alengaram, U. J., and Jumaat, M. Z., “Enhancement of mechanical
properties in polypropylene–and nylon–fibre reinforced oil palm shell concrete.”
Materials & Design, V. 49, 2013, pp. 1034-1041.
[29] Kakooei, S., Akil, H. M., Jamshidi, M., and Rouhi, J., “The effects of polypropylene
fibers on the properties of reinforced concrete structures.” Construction and Building
Materials, V. 27, No. 1, 2012, pp. 73-77.
[30] Choi, Y., and Yuan, R. L., “Experimental relationship between splitting tensile
strength and compressive strength of GFRC and PFRC.” Cement and Concrete Research,
V. 35, No. 8, pp. 1587-1591.
[31] Mirza, F. A., and Soroushian, P., “Effects of alkali-resistant glass fiber reinforcement
on crack and temperature resistance of lightweight concrete.” Cement and Concrete
Composites, V. 24, No. 2, 2002, pp. 223-227.
46

[32] Puertas, F., Amat, T., Fernández-Jiménez, A., and Vázquez, T., “Mechanical and
durable behaviour of alkaline cement mortars reinforced with polypropylene fibres.”
Cement and Concrete Research, V. 33, No. 12, 2003, pp. 2031-2036.
[33] Reed, M., Lokuge, W., and Karunasena, W., “Fibre-reinforced geopolymer concrete
with ambient curing for in situ applications.” Journal of Materials Science, V. 49, No.
12, 2014, pp. 4297-4304.
[34] Behfarnia, K., and Rostami, M., “Mechanical Properties and Durability of Fiber
Reinforced Alkali Activated Slag Concrete.” Journal of Materials in Civil Engineering,
V. 29, No. 12, 2017, p. 04017231.
[35] Nematollahi, B., Sanjayan, J., Chai, J. X. H., and Lu, T. M., “Properties of fresh and
hardened glass fiber reinforced fly ash based geopolymer concrete.” Key Engineering
Materials, V. 594, 2014, pp. 629-633.
[36] Panda, B., Paul, S. C., and Tan, M. J., “Anisotropic mechanical performance of 3D
printed fiber reinforced sustainable construction material.” Materials Letters, V. 209,
2017, pp. 146-149.
[37] ASTM C618-15, “Standard specification for coal fly ash and raw or calcined natural
pozzolan for use as a mineral admixture in portland cement concrete.” ASTM, West
Conshohocken, PA, 2015, 5 pp.
[38] AS 1141.11.1-09, “Methods for sampling and testing aggregates - Method 11.1:
Particle size distribution by sieving method (R2016).” AS (Australian Standard), Sydney,
NSW, Australia, 2009, 8 pp.
[39] AS 1012.9-14, “Methods of testing concrete - Method 9: Determination of the
compressive strength of concrete specimens.” AS (Australian Standard), Sydney, NSW,
Australia, 2014, 12 pp.
47

[40] AS 1012.10-2000, “Methods of testing Concrete - Method 10: Determination of
indirect tensile strength of concrete cylinders (Brazil or splitting test) (R2014).” AS
(Australian Standard), Sydney, NSW, Australia, 2000, 5 pp.
[41] AS 1012.17-97, “Methods of testing concrete - Determination of the static chord
modulus of elasticity and poisson's ratio of concrete specimens (R2014).” AS (Australian
Standard), Sydney, NSW, Australia, 1997, 14 pp.
[42] AS 1012.3.1-98, “Methods of testing concrete - Method 9: Determination of
properties related to the consistency of concrete - Slump test (R2014).” AS (Australian
Standard), Sydney, NSW, Australia, 1998, 5 pp.
[43] AS 1012.12.1-98, “Methods of testing concrete - Method 12.1: Determination of
mass per unit volume of hardened concrete- Rapid measuring method (R2014).” AS
(Australian Standard), Sydney, NSW, Australia, 1998, 3 pp.
[44] AS 1012.11-2000, “Methods of testing concrete - Method 11: Determination of
modulus of rupture (R2014).” AS (Australian Standard), Sydney, NSW, Australia, 2000,
5 pp.
[45] Alhussainy, F., Hasan, H. A., Rogic, S., Sheikh, M. N., and Hadi, M. N. S., “Direct
tensile testing of self-compacting concrete.” Construction and Building Materials, V.
112, 2016, pp. 903-906.
[46] Olivia, M., and Nikraz, H., “Properties of fly ash geopolymer concrete designed by
Taguchi method.” Materials & Design, V. 36, 2012, pp. 191-198.
[47] Vijai, K., Kumutha, R., and Vishnuram, B. G., “Experimental investigations on
mechanical properties of geopolymer concrete composites.” University of Moratuwa
Srilanka, 2013.

48

[48] Noushini, A., Hastings, M., Castel, A., and Aslani, F., “Mechanical and flexural
performance of synthetic fibre reinforced geopolymer concrete.” Construction and
Building Materials, V. 186, 2018, pp. 454-475.
[49] Scheffler, C., Gao, S. L., Plonka, R., Mäder, E., Hempel, S., Butler, M, and
Mechtcherine, V., “Interphase modification of alkali-resistant glass fibres and carbon
fibres for textile reinforced concrete II: Water adsorption and composite interphases.”
Composites Science and Technology, V. 69, No. 7-8, 2009, pp. 905-912.
[50] Pournasiri, E., Ramli, M., and Cheah, C. B., “Mechanical Performance of Ternary
Cementitious Composites with Polypropylene Fiber.” ACI Materials Journal, V. 115,
No. 5, 2018, pp. 635-646.
[51] Khaliq, W., and Kodur, V., “Thermal and mechanical properties of fiber reinforced
high performance self-consolidating concrete at elevated temperatures.” Cement and
Concrete Research, V. 41, No. 11, 2011, pp. 1112-1122.
[52] Alhozaimy, A. M., Soroushian, P., and Mirza, F., “Mechanical properties of
polypropylene fiber reinforced concrete and the effects of pozzolanic materials.” Cement
and Concrete Composites, V. 18, No. 2, 1996, pp. 85-92.
[53] Alomayri, T., “Effect of glass microfibre addition on the mechanical performances
of fly ash based geopolymer composites.” Journal of Asian Ceramic Societies, V. 5, No.
3, 2017, pp.334-340.
[54] ACI Committee 318, “Building Code Requirements for Structural Concrete (ACI
318-14) and Commentary.” American Concrete Insitute, Farmington Hills, MI, 2011, 519
pp.

49

[55] Sivakumar, A., and Santhanam, M., “Mechanical properties of high strength concrete
reinforced with metallic and non-metallic fibres.” Cement and Concrete Composites, V.
29, No. 8, 2007, pp. 603-608.
[56] AS 3600-18, “Concrete structures.” AS (Australian Standard), Sydney, NSW,
Australia. 2018, 264 pp.
[57] Hardjito, D., and Rangan, B. V., “Development and properties of low-calcium fly
ash-based geopolymer concrete.” Research report GC-1 2005, Faculty of Engineering,
Curtin University of Technology, Perth, Australia, 2005, 94 pp.
[58] Nguyen, K. T., Ahn, N., Le, T. A., and Lee, K., “Theoretical and experimental study
on mechanical properties and flexural strength of fly ash-geopolymer concrete.”
Construction and Building Materials, V. 106, 2016, pp. 65-77.

50

3. Chapter Three: Behavior of Axially Loaded Plain and Fiber-Reinforced
Geopolymer Concrete Columns with GFRP cages
Shehroze Ali, M. Neaz Sheikh, and Muhammad N. S. Hadi
Shehroze Ali designed the test matrix, conducted the experimental program, analysed the
test results and prepared the manuscript.
M. Neaz Sheikh supervised the research study and reviewed the manuscript.
Muhammad N.S. Hadi supervised the research study and reviewed the manuscript.

The manuscript has been published in the Structural Concrete Journal with the following
citation:
Ali, S., Sheikh, M. N., and Hadi, M. N. S. (2020). “Behavior of Axially Loaded Plain
and Fiber-Reinforced Geopolymer Concrete Columns with GFRP cages.” Structural
Concrete, DOI: 10.1002/suco.202000231.

51

Preamble
The use of fiber-reinforced polymer (FRP) bars in compression members, such as
columns, is still under investigation for the potential development of the design codes and
standards. Several research studies have investigated the structural behavior of FRP
reinforced concrete columns. However, the majority of the previous research studies were
limited to FRP reinforced normal and high strength concrete columns. In fact, there has
been no experimental study conducted on the use of glass fiber-reinforced polymer
(GFRP) bars in glass fiber (GF) and polypropylene fiber (PF) reinforced geopolymer
concrete columns.
In this chapter, the behavior of plain and fiber-reinforced (GF and PF) geopolymer
concrete columns reinforced with GFRP bars and GFRP helices was investigated in terms
of failure mode, pre-peak and post-peak axial load-deformation response, longitudinal
GFRP bar load contribution, confinement efficiency and ductility. The evaluation of the
columns was conducted based on the effect of the type of the internal reinforcement (steel
vs GFRP), the pitch of the transverse reinforcement (helices) and the addition of the
fibers. It was observed that replacing steel bars with GFRP bars in geopolymer concrete
columns caused a reduction in the ductility of the columns. However, the reduction in the
pitch of the GFRP helices and the addition of non-metallic fibers (GF and PF) improved
the structural performance of geopolymer concrete columns reinforced with GFRP bars
and GFRP helices. The experimental and theoretical results of this study are published in
Structural Concrete Journal, which is enclosed in the following sections.
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3.1 Abstract
In this study, the behavior of axially loaded plain and fiber-reinforced geopolymer
concrete columns reinforced with glass fiber-reinforced polymer (GFRP) bars and helices
was investigated. Ten ambient-cured geopolymer concrete columns of 160 mm diameter
and 640 mm height were cast and tested under concentric axial loads. The behavior of the
columns was investigated under the effect of the type of reinforcement (steel versus
GFRP), pitch of the GFRP helices (40 mm, 75 mm, 100 mm), and addition of nonmetallic fibers. i.e., glass fiber (GF) and polypropylene fiber (PF). It was found that GFRP
bar reinforced geopolymer concrete column achieved less axial load, confinement
efficiency and ductility compared to the geopolymer concrete column reinforced with the
same amount of the steel reinforcement. Overall, the reduction in the pitch of the GFRP
helices enhanced the confinement efficiency, post-peak behavior and ductility of the plain
and fiber-reinforced geopolymer concrete columns. Also, the addition of fibers
significantly improved the ductility of the GFRP bar reinforced geopolymer concrete
columns.
3.2 Introduction
The service life of the Reinforced Concrete (RC) column has always been a major
concern for the construction industry. In complex concrete structures, such as bridges,
failure of a single member can lead to the collapse of the whole structure. Generally,
columns are reinforced with conventional steel reinforcement. However, the corrosion of
steel reinforcement can significantly undermine the structural performance of the
columns in aggressive environments, which may lead to major repair and rehabilitation
costs [1,2]. The utilization of Fiber Reinforced Polymer (FRP) composites for the
retrofitting of existing structures and the construction of new structures has become an
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innovative solution to deal with the corrosion of reinforcing bars [3,4]. FRP bars are
corrosion resistant in nature, possess higher tensile strength than steel, and density
approximately half of the conventional steel bars [5].
The increasing demand for the conventional concrete in the construction industry
requires the production of a huge volume of cement. Globally, the cement industry
contributes to approximately 5-7% of CO2 emissions [6,7]. Geopolymer concrete is
known as an earth-friendly concrete because it utilizes an aluminosilicate binder rather
than the conventional cement binder. In fact, this concrete is produced by the
geopolymerization of industrial by-products such as fly ash (FA) and ground granulated
blast furnace slag (GGBFS) in the presence of alkaline solution. i.e., sodium silicate and
sodium hydroxide solutions [8,9]. The short and long- term mechanical properties of
geopolymer concrete are comparable or better than the mechanical properties of similar
conventional concrete [10,11].
The invention of ambient-cured geopolymer concrete is an economical solution, which
can potentially reduce the consumption of conventional concrete in the construction
industry [12,13]. However, high brittleness with low tensile and flexural strengths are the
major challenges of geopolymer concrete [14,15]. Davidovits [8], Shaikh [14] and Farhan
et al. [16] indicated that the incorporation of hybrid steel fibers in the fresh mix of
geopolymer concrete could significantly enhance the mechanical properties, i.e.,
toughness, softening response and ductility of the hardened geopolymer concrete.
However, the corrosion of metallic fibers could potentially compromise the performance
of RC structures [17,18]. Therefore, the commercial use of non-metallic fibers such as
glass fiber (GF) and polypropylene fiber (PF) in concrete has started. The studies
highlighted that the incorporation of GF and PF improved the mechanical properties of
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geopolymer concrete composites [19-22].
In recent years, various research investigations were conducted to investigate the
flexural and shear behavior of FRP bar reinforced concrete members [23-25]. In addition,
the guidelines and standards, such as from American Concrete Institute ACI 440.1R-15
[26] and Canadian Standard Association CSA S806-17 [27] are available for the design
of concrete flexural members reinforced with FRP bars. However, the behavior of FRP
bars in concrete compression members is still being investigated. In fact, the American
design guide ACI 440.1R-15 [26] does not provide design guidelines for FRP reinforced
concrete compression members such as columns. Similarly, the Canadian design code
CSA S806-17 [27] considers the contribution of FRP bars in compression is negligible.
This is because of the fact that FRP is anisotropic and non-homogenous in nature, which
causes a micro buckling of fibers in FRP bars tested under compression [28].
The experimental studies indicated a notable contribution of GFRP bars in the overall
axial load carrying capacity of the concrete columns. Tobbi et al. [29] investigated the
behavior of concentrically loaded concrete columns reinforced with GFRP bars and
GFRP ties. The test result highlighted that the load contribution of FRP reinforcement in
concrete columns should not be neglected. Karim et al. [30] tested five circular concrete
columns of 205 mm diameter and 800 mm height reinforced with GFRP bars and helices
under axial compression. Karim et al. [30] found that the specimens with longitudinal
GFRP bars achieved higher load carrying capacities and ductility in comparison to the
specimens without any longitudinal GFRP reinforcement. It was observed that the
contribution of longitudinal GFRP bars in the first peak load was approximately 11%.
Maranan et al. [31] investigated the behavior of concentrically loaded GFRP reinforced
geopolymer concrete circular columns. It was found that GFRP bars contributed an
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average of about 7.6% to the overall capacity of the geopolymer concrete columns.
However, the columns exhibited low ductility and failed in a brittle manner.
A comprehensive review of the available studies indicates that GFRP bars and
geopolymer concrete are suitable construction materials for the columns. In fact, the
friendly composition of geopolymer concrete and advantageous properties of GFRP
reinforcement may promote the column as a sustainable and structurally adequate
member. In particular, this new combination is an appropriate solution for the structures
located in aggressive environments (i.e., marine environment) or structures that house
equipment sensitive to electromagnetic effects. As of this writing, recognizing a new area
of research, a limited number of studies have been conducted to investigate the behavior
of axially loaded GFRP reinforced geopolymer concrete columns [31,32]. Furthermore,
no study has yet investigated the influence of non-metallic fibers on the behavior of GFRP
reinforced geopolymer concrete circular columns tested under concentric axial load.
Hence, significant research studies are required for the use of GFRP reinforced
geopolymer concrete columns to promote environmentally friendly and sustainable
construction practices.
In this study, a comprehensive experimental program was conducted to expand the
existing knowledge of the behavior of ambient cured axially loaded geopolymer concrete
circular columns with the type of reinforcements (steel versus GFRP) and the pitch of the
GFRP helices. In addition, the effect of the addition of non-metallic fibers (GF and PF)
on the behavior of GFRP bar reinforced geopolymer concrete columns was investigated.
The main reason for the addition of non-metallic fibers in geopolymer concrete is to
overcome the challenges found in the literature, including the lack of ductility and
susceptibility to brittle explosive failure mode of GFRP bar reinforced geopolymer
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concrete columns. The post-peak behavior may improve with the addition of non-metallic
fibers, providing sufficient warning before the complete failure of the GFRP bar
reinforced geopolymer concrete columns. Further, in this study, the axial load carrying
capacity of the columns was determined based on a theoretical equation proposed in a
previous research study conducted by Hasan et al. [33].
3.3 Experimental Program
3.3.1 Test matrix and specimen design
The experimental program of this study included ten ambient-cured circular
geopolymer concrete columns of 160 mm diameter and 640 mm height tested under
concentric axial load. The test matrix was designed to investigate the effect of the type of
reinforcement (steel versus GFRP), pitch of the transverse reinforcement (GFRP helices),
and the addition of non- metallic fibers (GF and PF) on the behavior of geopolymer
concrete columns. Table 3.1 shows the test matrix used in this study. The design and the
configuration of the geopolymer concrete specimens are shown in Fig. 3.1. All the
specimens were divided into four groups. Group I included steel bar reinforced specimen,
whereas Groups II, III, and IV included GFRP bar reinforced specimens. The specimens
of Groups I and II were cast using plain geopolymer concrete. The specimens of Groups
III and IV were cast using GF and PF reinforced geopolymer concrete, respectively. The
dosages of GF and PF were taken 1.5% and 0.15%, respectively by volume of concrete
based on the previous study conducted by Ali et al. [34]. The specimen of Group I was
used as a reference specimen. The specimens of Groups II, III and IV were designed to
study the effect of the pitch of the GFRP helices on the behavior of GFRP bar reinforced
geopolymer concrete columns. The specimens of Groups III and IV were also used to
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study the influence of GF and PF, respectively, on the behavior of geopolymer concrete
columns reinforced with GFRP bars and helices.
The reference Specimen SC-40 in Group I was reinforced longitudinally with six N10
(diameter = 10 mm) deformed steel bars and transversally with R8 (diameter = 8 mm)
plain steel helices at 40 mm pitch. All the specimens of Groups II, III, and IV were
reinforced longitudinally with six G10 (diameter = 10 mm) ribbed GFRP bars and
transversally with G8 (diameter = 8 mm) GFRP helices. Figure 3.2(a) shows the closeup view of GFRP bars used in this study. In Groups II, III, and IV, the first specimen was
reinforced with the GFRP helices at 40 mm pitch, the second specimen was reinforced
with the GFRP helices at 75 mm pitch and the last specimen was reinforced with the
GFRP helices at 100 mm pitch.
Table 3.1: Test matrix
Transverse
Longitudinal reinforcement
Group Specimen Material reinforcement Bar
Pitch
I

SC-40

Steel

6N10

R8

GC-40
II

III

IV

GC-75

40 mm

GFRP

6G10

G8

75 mm
100 mm

GGC-40

40 mm
GFRP

6G10

G8

75 mm

GGC-100

100 mm

PGC-40

40 mm

PGC-75

Fiber
ratio, vf
(%)

-

-

-

-

Glass

1.5

Polypropylene

0.15

40 mm

GC-100

GGC-75

Fiber
type

GFRP

6G10

G8

PGC-100

75 mm
100 mm

58

Fig. 3.1: Design and configuration of the geopolymer concrete specimens

Fig. 3.2: Close-up view (a) glass fiber-reinforced polymer (GFRP) bars; (b) glass fiber
(GF) and polypropylene fiber (PF); and (c) preparation of the test specimens
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All the specimens are identified by a unique label. Each label comprises two parts. The
first part of the label represents the type of concrete. The letters SC and GC refer to the
plain geopolymer concrete specimens reinforced with the steel and the GFRP
reinforcement, respectively. The letters GGC and PGC refer to glass fiber and
polypropylene fiber-reinforced geopolymer concrete specimens reinforced with the
GFRP reinforcement, respectively. The second part of the label indicates the pitch of the
helices. For example, Specimen PGC-40 is a polypropylene fiber-reinforced geopolymer
concrete specimen reinforced with longitudinal GFRP bars and GFRP helices at 40 mm
pitch.
3.3.2 Geopolymer Concrete and Fibers
All the specimens used in this investigation were cast using the fresh mixes of
geopolymer concrete. The mixing proportions of geopolymer concrete were based on a
previous study conducted by Ali et al. [34]. Table 3.2 presents the mix proportions of the
geopolymer concrete. The materials used to produce the geopolymer concrete included
FA, GGBFS, coarse aggregates (<10 mm size), fine aggregates (river sand), alkaline
solution, water and high range water reducer (HWR). The FA and GGBFS were provided
by Boral Group of Companies and Australasian (iron & steel) Slag, Australia,
respectively. The alkaline solution (molarity = 14) was prepared with sodium silicate
(Na2SiO3) and sodium hydroxide (NaOH) solutions. The Na2SiO3 solution was composed
of solids (44.1%), silicate oxide (29.4%) and sodium oxide (14.7%). High range water
reducer (HWR) ViscoCrete-10 was added to improve the workability of the fresh mix of
the geopolymer concrete.
In this study, two different types of commercially available non-metallic fibers were
used, that is GF and PF. The individual GF strand was 19 mm in length and 0.14 mm in
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diameter (Domcrete Australia [35]). The individual PF strand was 19 mm in length and
0.55 mm in diameter (Sika Australia [36]). The elastic moduli of GF and PF provided by
the respective manufacturers were 70 GPa and 38 GPa, respectively. Figure 3.2(b) shows
the close-up view of GF and PF fibers used in this study.
Table 3.2: Mix proportions of geopolymer concrete
Material

Quantity

Aggregate (kg/m3)
1295
3
Sand (kg/m )
552
3
GGBFS (kg/m )
180
3
FA (kg/m )
270
Al/Binder
0.35
3
Na2SiO3 (kg/m )
112.5
3
NaOH (kg/m )
45
Na2SiO3/NaOH
2.5
NaOH (M)
14
3
Water (kg/m )
86.4
3 a
HWR (kg/m )
34.7
Abbreviations: FA, fly ash; GGBFS, ground granulated blast furnace slag; HWR, High
range water reducer.
a
Additional 8.7 kg/m3 were added in the fiber-reinforced geopolymer concrete mixes.
3.3.3 Preliminary tests
The preliminary tests included the determination of mechanical properties of steel and
GFRP bars, the chemical analysis of binders (FA and GGBFS) and the compressive
strength of ambient cured geopolymer concrete. Three samples of each steel and GFRP
bars were tested and average geometrical and tensile properties of both steel and GFRP
bars are presented in Table 3.3.
The mechanical properties of the steel bars were determined as per AS 1391-17 [37].
The average yield tensile strengths of N10 and R8 (steel bars) were 552 MPa and 520
MPa, respectively. The elastic tensile moduli of N10 and R8 steel bars were 193 GPa and
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190 GPa, respectively. The steel bars and helices were manufactured and supplied by
AUSREO Pty Ltd, Australia [38], as per the design of the specimens. The tensile
properties of GFRP bars were determined using the root diameters as per ASTM D720516 [39]. The root diameters of G10 and G8 GFRP bars provided by the manufacturer
were 9.2 mm and 7.4 mm, respectively. In addition, the diameter and the cross-sectional
area of the GFRP bars were determined using the immersion test in accordance with ISO
10406-1-15 [40], as presented in Table 3.3. The average ultimate tensile strengths of G10
and G8 GFRP bars were 1263 MPa and 1162 MPa, respectively. The elastic tensile
moduli of G10 and G8 bars were 63.8 GPa and 61.9 GPa, respectively. The compressive
strengths of GFRP bars were determined based on the root diameters at length to diameter
ratio (l/d) of 4.3, as per ASTM D695-15 [41]. The average compressive strengths of G10
and G8 GFRP bars were 827 MPa and 907 MPa, respectively. The surface of the GFRP
bars was ribbed to increase the bond between the embedded GFRP bars and the
geopolymer concrete. The GFRP bars and helices were manufactured by MateenbarTM
Ltd (Pultron Australia [42]), as per the design of the specimens.
Table 3.3: Average geometrical and tensile properties of steel and GFRP bars

Type
Steel

Bar
size
N10
R8

Diameter
(mm)
10
8

a

Nominal
area (mm2)
78.5
50.3

Tensile
strength
(MPa)
f y = 552
f y = 520

Elastic tensile
modulus
(GPa)
193
190

Strain at
tensile
strength (%)
0.32
0.29

G10
9.2b(9.8c)
66.5(75.4c)
f u = 1263
63.8
2.07
b
c
c
G8
7.4 (7.7 )
43.0(46.5 )
f u = 1162
61.9
1.85
Note: f y = Yield strength, f u = Ultimate strength.
Note: Tensile strength and modulus of GFRP bars are calculated based on the root diameter.
a
Provided by the manufacturer.
b
Root diameter.
c
Determined using immersion test ISO 10406-1-15[40].
GFRP
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Table 3.4 shows the chemical composition analysis results of FA and GGBFS determined
using X-Ray Fluorescent (XRF) test. The FA contained approximately 86% of Al2O3,
SiO2, and Fe2O3 and about 2.8% of CaO by mass, classified as Class F as per ASTM
C618-19 [43]. The GGBFS contained approximately 42.7% of CaO by mass.
Table 3.4: Chemical composition (mass %) for fly ash (FA) and ground granulated blast
furnace slag (GGBFS)
Component
SiO2
Al2O3
CaO
Fe2O3
K2O
TiO2
Na2O
MgO
P2O5
SO3
Mn2O3
Loss on ignition

FA
62.4
26.2
2.9
2.6
1.1
0.9
0.6
0.4
0.2
0.3
0.1
2.0

GGBFS
34.5
12.8
42.7
0.4
0.3
0.8
0.8
5.3
0.1
1.7
0.4
0.1

The consistency of the fresh mixes of geopolymer concrete was determined using
slump test in accordance with AS 1012.3.1-14 [44]. The slump for the plain, GF
reinforced and PF reinforced geopolymer concrete were recorded as 115 mm, 88 mm and
75 mm, respectively. The compressive strength of geopolymer concrete was determined
at 28 days and the day of the testing of the column specimens by testing three cylinders
of 100 mm diameter and 200 mm height for each mix in accordance with AS 1012.9-14
[45]. The targeted compressive strength of geopolymer concrete was 50 MPa at 28 days.
3.3.3 Specimen preparation
The preparation of the tested specimens was achieved in three phases. In the first
phase, steel and the GFRP reinforcement cages were fabricated as per the design of
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different specimens. Initially, the longitudinal bars were cut at a length of 590 mm. Two
wooden circular templates of 114 mm outside diameter were prepared. Each template
contained six uniformly distributed holes around the diameter. A single-threaded steel
rod was attached in the center of the two templates to maintain the design height (590
mm) of the reinforcement cages. Afterwards, the longitudinal bars were positioned
vertically around the diameter of the templates. The helices were then assembled around
the longitudinal bars as per the design of the specimens. The spacing (40 mm, 75 mm and
100 mm) between the helices were precisely maintained using two aluminium spacer jigs.
A steel wire was used to tie the joint between the longitudinal bar and the helix. Figure
3.2(c) shows a close view of the preparation of test specimens. To obtain the strain
readings, the electrical strain gages were affixed to the longitudinal bars and helices using
an adhesive at the mid-height of the specimens.
In the second phase, the formwork was prepared and the assembled reinforcement
cages were placed in the formwork. The molds for the test specimens were made using
Polyvinyl chloride (PVC) pipe of 160 mm internal diameter and length of 640 mm. All
PVC molds were placed on a flat wooden pallet. Steel pins were inserted at the ends of
the longitudinal bars to maintain a uniform concrete cover of 25 mm at top and bottom
of the specimens. Afterwards, the assembled reinforcement cages were inserted into the
PVC molds. The reinforcement cages were positioned exactly in the centre of the PVC
molds to maintain the outside concrete cover of 16 mm. Figure 3.2(c) shows the PVC
molds with the reinforcement cages ready to receive the plain and fiber-reinforced
geopolymer concrete mixes.
In the third phase, the fresh mixes of plain and fiber-reinforced geopolymer concrete
were prepared and poured into the molds of the specimens. A pan mixer of capacity 0.1
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m3 was used to mix the batches of geopolymer concrete. Three different batches of plain,
GF reinforced and PF reinforced geopolymer concrete were prepared. Initially, the coarse
and the fine aggregates were mixed for 1 minute, followed by the mixing of FA and
GGBFS for two minutes. In the fiber-reinforced mixes, the fibers were slowly added to
ensure a uniform distribution of fibers in the dry materials. Afterwards, the alkaline
solution was added into the pan mixer, followed by the water and HWR. The mixing
procedure continued for further 3-4 minutes until the homogenous mixes of plain and
fiber-reinforced geopolymer concrete were achieved. The fresh geopolymer concrete was
then poured into the PVC molds in three layers. An electric vibrator was used to compact
and remove the air voids from each layer of the filled geopolymer concrete. Afterwards,
all the specimens were kept in the molds under ambient curing conditions for 21 days and
then demolded and left in the laboratory until the testing day.
3.3.4 Instrumentation and test setup
In this study, internal and external instrumentations were used to study the behavior of
the specimens tested under concentric axial load. The internal instrumentation included
two electrical strain gages, affixed at the mid-height smoothened surface of two opposite
longitudinal bars. The strain readings were used to determine the contribution of the
longitudinal bars in compression. In addition, two electrical strain gages were affixed at
the mid-height smoothened surface of helices (180° apart) to observe the development of
hoop strains in the helices. The external instrumentation included the attachment of linear
variable differential transducers (LVDTs) between the two opposite loading heads of the
compression machine. The axial deformation readings of the test specimens were directly
recorded by the LVDTs. Figure 3.3 shows the test setup used in this study.
To avoid any premature failure of the test specimens, the top and the bottom ends of
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the test specimens were smoothened and wrapped with carbon fiber reinforced polymer
(CFRP) sheets of 0.5 mm thickness and 80 mm width. A uniform layer of epoxy resin
was applied on each end of the test specimens and then wrapped with two layers of CFRP
sheet, which reduced the stress concentration near the ends. The top surface of all the test
specimens was slightly rough. Therefore, the top surface of all the test specimens was
capped with a thin layer of high strength plaster (compressive strength = 80 MPa) to
ensure a uniform distribution of loading on the area.

Fig. 3.3: Test setup. LVDT, linear variable differential transducer
All the specimens were axially loaded using a 5000 kN Denison compression machine.
At the start, the test specimens were preloaded at a rate of 2 kN/s (force-controlled) to
10% of their predicted axial load carrying capacities and then unloaded at the same rate.
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This preloading technique prevented any movement in the whole assembly that might
have occurred during the test. Afterwards, the test was resumed at the rate of 0.003 mm/s
(displacement-controlled) to obtain the true response of the specimen until the failure of
the test specimen occurred. The axial load and axial deformation readings of the test
specimens were recorded by the internal load cell of the Denison compression machine.
A data logger was used to capture readings of the LVDTs and the strain gages. The
internal load cell of the machine and the data logger were attached with a computer to
record all the results during the testing.
3.4 Experimental Results and Discussions
3.4.1 Failure modes
The failure modes of all the tested specimens are shown in Fig. 3.4. The failure of all
the test specimens started with the formation of vertical hairline cracks at the mid-height
external surface of the specimens. Overall, the width and the depth of the cracks in the
test specimens increased gradually until the specimens achieved peak axial load.
Afterwards, in post-peak phase the spalling of the concrete cover occurred, which led to
a reduction in the axial load carrying capacity of the specimens.
The plain geopolymer concrete specimens of Groups I and II exhibited complete
spalling of the concrete cover, whereas the fiber-reinforced geopolymer concrete
specimens of Groups III and IV exhibited partial spalling of the concrete cover, as shown
in Fig. 4. The spalling of the concrete cover caused lateral expansion of the geopolymer
concrete core. In general, the induced lateral strain due to Poisson’s effect activated the
transverse reinforcement (steel or GFRP helices) in the test specimens. The transverse
reinforcement held the geopolymer concrete core and provided confinement to sustain
the axial loads without failure. Thus, the specimens reinforced with closely spaced GFRP
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helices (40 mm pitch) experienced efficient confinement and failed in a ductile manner
compared to the specimens reinforced with widely spaced GFRP helices (75 mm and 100
mm pitch). Further increase in the load, induced hoop strain in the helices, which resulted
in the cracking and rupture of the helices and failure of the test specimen.
The failure of the reference steel bar reinforced specimen (SC-40) occurred due to the
excessive buckling of the longitudinal steel bars and rupture of steel helix, as shown in
Fig. 3.5(a). On the other hand, the failure of GFRP bar reinforced specimens of Groups
II, III and IV occurred in a much complex manner. In Specimens GC-40, GGC-40 and
PGC-40, the presence of closely spaced GFRP helices resisted the lateral movement of
the longitudinal GFRP bars. After the peak axial load, complete spalling of the
geopolymer concrete cover occurred in Specimen GC-40. However, in Specimen GGC40 and PGC-40 the spalling of geopolymer concrete cover was significantly less due to
the presence of fibers. The fibers in the mix delayed the overall crack propagation and
helped to bridge the micro-cracks. It was observed that even after the failure of the fiberreinforced specimens, a few fibers from the concrete core were still intact with the
external concrete cover. The delayed failure mechanism led to a reduction in the spalling
of concrete cover in fiber-reinforced mixes. Overall, the spalling of concrete cover in
specimens caused lateral expansion and cracking of geopolymer concrete core. The
expansion of the geopolymer concrete induced lateral strain in the helices, due to
Poisson’s effect. Afterwards, the longitudinal GFRP bars started to crack due to the
prevention of their lateral movement. This caused delamination and rupture of the
longitudinal GFRP bars and GFRP helices, mainly at the intersection points of the
longitudinal bars and transverse reinforcement, as shown in Fig. 3.5(b).
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Fig. 3.4: Failure modes of the tested specimens

(a)

(b)

(c)

Fig. 3.5: Close-up view of the reinforcement after failure: (a) buckling of steel bar and rupture of steel helix; (b) rupture of GFRP bars and
helices; and (c) buckling and rupture of GFRP bars
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On the other hand, the failure of GFRP bar reinforced specimens with widely spaced
GFRP helices at 75 mm and 100 mm pitch occurred due to the excessive buckling and
rupture of the longitudinal GFRP bars between the helices, as shown in Fig. 3.5(c).
Similar observations were reported for concentrically loaded GFRP bar reinforced
geopolymer concrete columns in Maranan et al. [31].
3.4.2 Axial load-deformation behavior
The peak axial loads sustained by the tested specimens and the corresponding
deformations are presented in Table 3.5. Figure 3.6 shows the axial load-deformation
behaviors of the tested specimens. Initially, the axial load-deformation curves of all the
tested specimens followed almost a linear ascending behavior until the spalling of
geopolymer concrete cover. At this stage, the lateral confinement (steel or GFRP helices)
was not activated. In general, the spalling of geopolymer concrete cover initiated with the
formation of hairline cracks at approximately 90% of the peak axial loads. A short portion
of the slightly reduced slope just before the peak load indicates the crushing of the
geopolymer concrete.
The peak axial loads presented in Table 3.5 refer to the maximum axial load sustained
by the gross area of concrete (core and cover) of the specimens. The specimens reinforced
with closely spaced (40 mm pitch) GFRP helices experienced higher confining pressure
around the core compared to the specimens reinforced with widely spaced (75 and 100
mm pitch) GFRP helices. The reduction in the pitch of the GFRP helices increased the
axial load capacities of all the GFRP reinforced specimens of Groups II, III and IV. The
peak axial load (Ppeak) sustained by the GFRP reinforced Specimens GC-100 and GC-75
were 975 kN and 877 kN, respectively.
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Table 3.5: Test results of geopolymer concrete specimens tested under concentric axial load
At peak axial load

Specimen

Pyield
(kN)

δ yield
(mm)

Ppeak
(kN)

δ peak
(mm)

εbar
(με)

εhelix
(με)

Pbar
(kN)

Pbar/Ppeak
(%)

f 'cc /f 'c o

Ductility

SC-40

1,175

3.5

1,244

3.8

1,030

745

94

8

1.90

2.60

GC-40

1,027

3.4

1,062

3.7

2,526

625

64

6

1.37

1.50

GC-75

863

3.0

877

3.1

2,071

521

53

6

1.25

1.32

GC-100

906

3.0

975

3.3

1,982

497

50

5

1.19

1.21

GGC-40

895

3.1

923

3.2

2,789

744

71

8

1.39

1.50

GGC-75

682

2.6

699

2.9

2,213

607

56

8

1.15

1.44

GGC-100

887

3.0

945

3.2

2,102

573

54

6

1.13

1.42

PGC-40

878

3.1

916

3.2

2,840

649

72

8

1.49

1.69

PGC-75

751

2.7

791

2.8

2,518

601

64

8

1.31

1.51

PGC-100

836

2.9

892

3.0

2,327

472

59

7

1.20

1.46
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(a)

(b)

(c)

(d)

(e)
Fig. 3.6: Influence of the evaluation parameters on the axial load-deformation behavior
of the tested specimens: (a) type of reinforcement; (b) pitch of the GFRP helices; (c)
addition of fibers for specimens with 40 mm pitch of the GFRP helices; (d) addition of
fibers for specimens with 75 mm pitch of the GFRP helices; and (e) addition of fibers
for specimens with 100 mm pitch of the GFRP helices
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Specimen GC-40 sustained the peak axial load of 1,062 kN, which were approximately
9% and 21% higher than the peak axial loads sustained by the Specimen GC-100 and GC75, respectively. The peak axial load sustained by the reference specimen SC-40 was
1,244 kN, which was about 17% higher compared to the peak axial load sustained by
Specimen GC-40.
The inclusion of fibers decreased the peak axial load carrying capacity of the
specimens of Groups III and IV compared to the specimens of Group II. This could be
attributed to the decrease in the unconfined compressive strength (fco') of geopolymer
concrete with the addition of fibers. Overall, the workability of the fiber-reinforced
geopolymer concrete mixes was less compared to the plain geopolymer mix. The low
workability reduced the effectiveness of vibration and increased the overall volume of
the air voids in the fiber-reinforced geopolymer concrete mixes. Similar observations
were reported in Ali et al. [34] for fiber reinforced AASF concrete reinforced. As a result,
Specimens GGC-40 and PGC-40 sustained peak axial loads of 923 kN and 916 kN, which
were approximately 15% and 14% less, respectively, than the peak axial load sustained
by Specimen GC-40. Similarly, Specimens GGC-75 and PGC-75 sustained peak axial
loads of 699 kN and 791 kN, which were approximately 20% and 10% less, respectively
than the peak axial load sustained by Specimen GC-75. Specimens GGC-100 and PGC100 sustained peak axial loads of 945 kN and 892 kN, which were approximately 3% and
9% less, respectively than the peak axial load sustained by Specimen GC-100. Compared
to the specimens of Groups II and IV, Specimens GGC-40 and GGC-75 of Group III
exhibited low peak axial loads, which might be because of the less compaction achieved
due to the low workability of GF reinforced GPC mix. The peak axial loads sustained by
Specimens GC-100, GGC-100 and PGC-100 were higher than the peak axial loads
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sustained by Specimens GC-75, GGC-75 and PGC-75, respectively. This could be
because Specimens GC-100, GGC-100 and PGC-100 were tested on the last day of
testing and the compressive strength of geopolymer concrete increased during the testing
process.
After the peak axial load, hairline cracks propagated to form the major vertical cracks,
which led to the gradual spalling of the geopolymer concrete cover. The spalling of
geopolymer concrete cover resulted in a drop in the peak axial loads in all the specimens.
Specimens GC-40, GGC-40 and PGC-40 experienced an average drop of about 22% in
the peak axial loads due to the spalling of the geopolymer concrete cover. The addition
of fibers in the specimens reinforced with widely spaced GFRP helices (75 mm and 100
mm pitch) reduced the spalling of the geopolymer concrete cover. This could be because
of the effective bonding of the geopolymer concrete core with the outside concrete cover.
Specimen GC-75 experienced a drop of about 43% in the peak axial load, whereas
Specimens GGC-75 and PGC-75 experienced an average drop of only 20% in the peak
axial loads due to the spalling of the geopolymer concrete cover. Specimens GGC-100
and PGC-100 experienced an average drop of approximately 8% less than Specimen GC100.
After the spalling of the geopolymer concrete cover, lateral expansion of the
geopolymer concrete core occurred, which led to an increase in the confining pressure in
the transverse reinforcement, i.e., steel and GFRP helices. As a result, the geopolymer
concrete core started gaining strength until the cracking and the rupture of steel and GFRP
helices. Similar observations were reported in Tobbi et al. [29] and Karim et al. [30] for
conventional concrete columns reinforced with GFRP bars. The rupture of the steel helix
in Specimen SC-40 occurred at an axial deformation of approximately 17.9 mm.
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However, the rupture of the GFRP helix in Specimens GC-40, GGC-40 and PGC-40
occurred at the axial deformations of 7.3 mm, 7.3 mm and 7.2 mm, respectively. The
contribution of fibers was more prominent with an increase in the pitch of the GFRP
helices and led to improving the post-peak behavior of the GFRP reinforced specimens.
The rupture of GFRP helices in Specimen GC-75 occurred at an axial deformation of 6.3
mm. In contrast, the rupture of GFRP helices in fiber-reinforced geopolymer concrete
Specimens GGC-75 and PGC-75 occurred at the axial deformations of 7.9 mm and 11.1
mm, respectively. The axial deformations of Specimens GGC-75 and PGC-75 were
approximately 25% and 76% higher, respectively, than that of Specimen GC-75. The
rupture of GFRP helices in Specimen GC-100 occurred at an axial deformation of 6.3
mm. However, in Specimens GGC-100 and PGC-100 the rupture of GFRP helices
occurred at the axial deformations of 7.4 mm and 7.5 mm, respectively. The axial
deformations of Specimens GGC-100 and PGC-100 were approximately 21% and 23%
higher, respectively, than that of Specimen GC-100.
3.4.3 Evaluation parameters and behavior of specimens
In this study, the behavior of specimens was investigated for each of the evaluation
parameters: (a) type of the longitudinal and transverse reinforcement (steel versus GFRP);
(b) pitch of the GFRP helices (40 mm, 75 mm, 100 mm); (c) the addition of fibers (GF
and PF); and (d) the type of fiber.
Table 3.5 summarizes the average axial strains in the longitudinal bars (εbar) at the
peak loads, the corresponding average hoop strains in the helices (εhelix), the contribution
of the longitudinal bars at the peak axial loads, confinement efficiency (f 'cc / f 'co) and the
ductility of the tested specimens. The methods used to calculate the confinement
efficiency and the ductility were based on the previous studies conducted by Afifi et al.
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[28] and Hadi et al. [46], respectively. The contribution of the longitudinal bars in
compression was calculated by multiplying the average measured axial strain in the
longitudinal bars at the peak axial load with the total area and the elastic tensile modulus
of the longitudinal bars.
The confinement efficiency was computed as the ratio of the confined geopolymer
concrete strength (f 'cc) divided by the compressive strength of unconfined geopolymer
concrete (f 'co) in the specimen. The f 'cc refers to the maximum stress sustained by the
confined area of the geopolymer concrete core based on the outside-to-outside diameter
of the helices. The f 'co is taken as 85% of the in-situ compressive strength (f 'c) of ambientcured geopolymer concrete. The ductility of the specimens was calculated based on the
ratio of the area under the axial load-deformation curve up to the ultimate deformation
(δu) divided by the area under the axial load-deformation curve up to the yield
deformation (δy). The δu was taken at 80% drop of the peak axial load or the point of the
rupture of the reinforcement whichever occurred first. The δy is the deformation
corresponding to the yield load. Since GFRP bars are brittle compared to the steel bars,
for GFRP bar reinforced specimens, the point where the first crack occurred or the
ascending branch of the load-deformation curve started flattening just before the peak
load was considered as the end of the linear elastic phase or yield point. The axial load at
the yield point is the yield load and the corresponding deformation is the yield
deformation.
3.4.3.1 Influence of the type of reinforcement
Specimen SC-40 reinforced with the steel bars and Specimen GC-40 reinforced with
the same amount of the GFRP bars were used to study the effect of different types of
reinforcement (steel versus GFRP) on the behavior of geopolymer concrete columns. The
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failure of the GFRP bar reinforced Specimen GC-40 occurred in a much more explosive
manner compared to the steel reinforced Specimen SC-40. The average strain in the
longitudinal GFRP bars in Specimen GC-40 was 2,526 με. The GFRP bars contributed
approximately 6% of the axial load carrying capacity of Specimen GC-40. On the other
hand, in Specimen SC-40, the average strain in the longitudinal steel bars before yielding
was 1,030 με. Steel bars contributed approximately 8% of the axial load carrying capacity
of the specimen. After the peak axial load, Specimens SC-40 and GC-40 lost 12% and
22% of their peak axial load carrying capacities, respectively, due to the spalling of
concrete cover, as shown in Fig. 3.6(a).
The brittle nature of GFRP bars significantly affected the confinement efficiency,
ductility and failure mode of the GFRP reinforced specimens. Replacing the steel
reinforcement with the same amount of GFRP reinforcement in Specimen GC-40 resulted
in a decrease in the confinement efficiency by approximately 26.3%. Also, the ductility
of the GFRP reinforced Specimen GC-40 was approximately 40.3% less compared to the
ductility of the reference Specimen SC-40.
3.4.3.2 Influence of the pitch of GFRP helices
The specimens of Groups II, III and IV were used to study the effect of the pitch of the
GFRP helices on the behavior of the GFRP bar reinforced geopolymer concrete
specimens. In Group II, the specimen reinforced with closely spaced GFRP helices (40
mm pitch) sustained higher axial load and axial deformation in the post-peak zone, which
resulted in better post-peak behavior compared to specimens reinforced with widely
spaced GFRP helices (75 mm and 100 mm pitch), as shown in Fig. 3.6(b). This was due
to an increase in the confinement pressure caused by the reduction in the pitch of the
GFRP helices from 100 mm to 40 mm. The reduction in the pitch size of GFRP helices
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in Specimen GC-40 controlled the buckling of the longitudinal GFRP bars. On the other
hand, Specimens GC-75 and GC-100 failed instantaneously in an explosive manner
compared to Specimen GC-40. At the peak axial load, the average strains in the
longitudinal GFRP bars in Specimens GC-40, GC-75 and GC-100 were 2,526 με, 2,071
με and 1,982 με, respectively.
Figure 3.7 shows the axial load contribution of GFRP bars at the peak axial load. It
was observed that the overall buckling of the longitudinal GFRP bars in the specimens
reinforced with GFRP helices at 40 mm and 75 mm pitch was less than the overall
buckling of the longitudinal GFRP bars in the specimen reinforced with GFRP helices at
100 mm pitch. Therefore, in Specimen GC-40 and GC-75, the increase in the contribution
of the longitudinal GFRP bars at peak axial load was approximately 20%, compared to
that of Specimen GC-100. After the peak axial load, the spalling of the concrete cover
occurred. As a result, Specimens GC-75 and GC-100 lost about 43% and 55% of their
axial load carrying capacities, respectively. However, Specimen GC-40 lost only 22% of
its axial load carrying capacity. The improved post-peak behavior of Specimen GC-40
might be due to the presence of closely spaced GFRP helices, which resisted the buckling
of the longitudinal GFRP bars.

Fig. 3.7: Axial load contribution of GFRP bars in plain and fiber-reinforced
geopolymer concrete specimens
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The confinement efficiency and the ductility of the Specimens GC-40, GC-75 and GC100 are presented in Table 3.5. Reducing the pitch of the GFRP helices from 100 mm to
40 mm improved the confinement efficiency and the ductility of the specimens. The
confinement efficiency achieved by Specimen GC-40 was approximately 9.6% and
16.1% higher than the confinement efficiency achieved by Specimens GC-75 and GC100, respectively. Accordingly, the ductility of Specimen GC-40 was approximately
17.4% and 28.1% higher than the ductility of Specimens GC-75 and GC-100,
respectively, as shown in Fig. 3.8.

Fig. 3.8: Ductility of GFRP reinforced plain and fiber-reinforced geopolymer
concrete
The reduction in the pitch of the GFRP helices from 100 to 40 mm in Groups III and
IV resulted in the improvement of the axial load contribution of GFRP bars, confinement
efficiency and overall ductility of the specimens. The average contribution of the
longitudinal GFRP bars at peak axial load for GF-reinforced Specimens GGC-40 and
GGC-75 was approximately 33% higher than that of Specimen GGC-100. The
confinement efficiency of Specimen GGC-40 was approximately 20.9% and 23% higher
than that of Specimens GGC-75 and GGC-100, respectively. The overall ductility of
Specimen GGC-40 was approximately 4.2% and 5.6% higher than the ductility of
Specimens GGC-75 and GGC-100, respectively. Similarly, the average axial load
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contribution of GFRP bars for PF-reinforced Specimens PGC-40 and PGC-75 was
approximately 14.2% higher than that of Specimen PGC-100 due to the reduction in the
pitch of the GFRP helices. The confinement efficiency of Specimen PGC-40 was
approximately 13.7% and 24.2% higher than that of Specimens PGC-75 and PGC-100,
respectively. The overall ductility of Specimen PGC-40 was approximately 11.9% and
15.8% higher than the ductility of Specimens PGC-75 and PGC-100, respectively.
3.4.3.3 Influence of the addition of fibers
The specimens of Groups III and IV were used to study the influence of GF and PF,
respectively on the behavior of geopolymer concrete specimens reinforced with GFRP
reinforcement. The post-peak behavior of the fiber-reinforced geopolymer concrete
specimens of Groups III and IV were significantly improved compared to the plain
geopolymer concrete specimens of Group II. The specimens of Groups IV failed in a
highly ductile manner, unlike the specimens of Groups II and III. Also, the contribution
of the longitudinal GFRP bars at the peak axial load increased with the addition of fibers
in the specimens. At the peak axial load, the average strains in the longitudinal GFRP
bars in Specimens GGC-40, GGC-75 and GGC-100 were 2,789 με, 2,213 με and 2,102
με, respectively. The average strain in the longitudinal GFRP bars in Specimens PGC40, PGC-75 and PGC-100 were 2,840 με, 2,518 με and 2,327 με, respectively. The axial
load contributions of the longitudinal GFRP bars in the fiber-reinforced geopolymer
concrete specimens are shown in Fig. 3.7.
It can be observed that the axial load contribution of longitudinal GFRP bars at peak
axial load increased slightly in the fiber-reinforced geopolymer concrete mixes. This
increase could be attributed to the presence of fibers in the mix, which controlled the
spalling of concrete cover and slightly delayed the lateral expansion of GFRP helices as
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well as the buckling of longitudinal GFRP bars. As a result, the contribution of the
longitudinal GFRP bars at peak axial load increased for GF and PF reinforced geopolymer
concrete specimens. The axial load contribution of the longitudinal GFRP bars for GF
reinforced Specimens (GGC-40, GGC-75 and GGC-100) was, on average, 29% higher
than that of plain geopolymer concrete Specimens (GC-40, GC-75 and GC-100).
Similarly, the axial load contribution of the longitudinal GFRP bars for the PF reinforced
geopolymer concrete Specimens (PGC-40, PGC-75 and PGC-100) was, on average, 35%
higher than that of plain geopolymer concrete Specimens (GC-40, GC-75 and GC-100).
After the peak axial load, all the fiber-reinforced geopolymer concrete specimens
experienced a loss in their total axial load carrying capacities due to the spalling of the
concrete cover, as shown in Fig. 3.6(c), 3.6(d), 3.6(e). Similar to the plain geopolymer
concrete Specimen GC-40, fiber-reinforced geopolymer concrete Specimens GGC-40
and PGC-40 lost on average of about 21% of their total axial load carrying capacities.
However, with an increase in the pitch of the GFRP helices, the addition of the fibers
became effective in bonding the outside concrete cover with the inner core of the
specimens. As a result, fiber-reinforced geopolymer concrete Specimens GGC-75 and
PGC-75 lost on average of only 22% of their axial load capacity, whereas the plain
geopolymer concrete Specimen GC-75 lost about 43% of its axial load carrying capacity.
The inclusion of fibers became less effective in controlling the overall drop in the axial
load capacity for Specimens GGC-100 and PGC-100. This could be because of the higher
pitch of the GFRP helices, which provided less confinement to the core and caused major
cracks that could not be bridged by the fibers. Thus, Specimens GGC-100 and PGC-100
lost on average of about 44% of their axial load carrying capacity, whereas Specimen
GC-100 lost about 55% of its axial load carrying capacity due to the spalling of concrete
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cover.
The test results indicated that no improvement in the confinement efficiency was
achieved with the addition of GF. However, the addition of PF slightly improved the
confinement efficiency of the specimens of Group IV. The ductility of the specimens of
Groups III and IV were improved with the addition of GF and PF, respectively. Figure
3.8 shows the influence of GF and PF on the ductility of fiber-reinforced geopolymer
concrete specimens. It can be observed that the ductility GF-reinforced geopolymer
concrete Specimens (GGC-75 and GGC-100) was on average 13.7% higher than the
ductility of plain geopolymer concrete Specimens (GC-75 and GC-100). Similarly, the
ductility of PF reinforced geopolymer concrete Specimens (PGC75 and PGC-100) was
on average 17.5% higher than the ductility of counterpart plain geopolymer concrete
Specimens (GC-75 and GC-100).
3.4.3.4 Influence of the type of fiber
The inclusion of GF and PF in GPC mix resulted in a decrease in the peak axial loads
of the specimens as compared to the plain geopolymer concrete specimens. However, the
addition of fibers significantly improved the post-peak behavior of the specimens. The
addition of GF was better than the addition of PF only in terms of resisting the peak axial
loads for Specimens GGC-40 and GGC-100. Specimen GGC-75 exhibited a lower peak
axial load than Specimen PGC-75, which was mainly due to the less compaction achieved
during the pouring of the concrete. Overall, the incorporation of PF resulted in a higher
improvement in the confinement efficiency and the ductility of the specimens. Thus,
Specimens PGC-40 achieved approximately 7.2% higher confinement efficiency than
that of Specimen GGC-40. Specimen PGC-75 achieved about 13.9% higher confinement
efficiency than that of Specimen GGC-75. Specimen PGC-100 achieved approximately
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6.2% higher confinement efficiency than that of Specimen GGC-100. The ductility of
PF-reinforced Specimens PGC-40 was approximately 12.7% higher than the ductility of
GF-reinforced Specimen GGC-40. It was observed that the influence of the type of fiber
on the ductility of fiber-reinforced specimens became less effective with the increase in
the pitch of the GFRP helices, mainly due to the reduction in the confinement efficiency.
Therefore, Specimen PGC-75 achieved only 4.9% higher ductility than that of Specimen
GGC-75. The ductility of Specimen PGC-100 was only 2.8% higher than the ductility of
Specimen GGC-100. Overall, the specimens reinforced with PF (PGC-40, PGC75 and
PGC-100) exhibited highly ductile failure and the concrete cover remained intact even
after the failure of the specimens, as shown in Fig. 3.4.
3.4.4 Experimental capacity and design equations
The available design guidelines ACI 318-1947 and CSA A23.3-1448 permit the use of
Eq. 3.1 to calculate the nominal axial load carrying capacity (Po) of concrete columns
reinforced with the conventional steel bars. The American standard ACI 440.1R-15 [26]
and Canadian standard CSA S806-17 [27] deal with the concrete members reinforced
with FRP bars. However, both ACI 440.1R-15 [26] and CSA S806-17 [27] neglect the
contribution of the longitudinal FRP bars in the calculation of Po for FRP reinforced
columns, as shown in Eqs. 3.2 and 3.3, respectively.
Po

=

0.85 f 'c (Ag - Ast ) + fy Ast

(3.1)

Po

=

0.85 f 'c (Ag - Af )

(3.2)

Po

=

α1 f 'c (Ag - Af )

(3.3)

where; f 'c is the compressive strength of geopolymer concrete; Ag is the gross area of the
specimen; Ast is the area of the longitudinal steel bars; Af is the area of the longitudinal
GFRP bars; fy is the yield strength of the steel bars; and α1 = 0.85 – 0.0015 f 'c ≥ 0.67.
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The existing approach may significantly underestimate the load carrying capacity of
the columns reinforced with GFRP bars. Therefore, Hasan et al. [33] proposed a
theoretical equation (Eq. 3.4) based on a large set of the test results from the literature to
predict the Po for FRP reinforced concrete columns.
Po

=

0.85 f 'c (Ag - Af ) + εco Ef Af

(3.4)

where; εco = 0.0005 (f 'c )0.4 and Ef represents the elastic tensile modulus of GFRP bars.
In Eq. 3.4, the first part represents the compression contribution of concrete and the
second part represents the compression contribution of FRP bars in the overall axial load
carrying capacity of the specimens. It is noted that Eq. 3.4 was not developed for
geopolymer concrete. However, based on the experimental compressive strengths (f 'c )
of plain and fiber-reinforced geopolymer concrete, Eq. 3.4 is used in this study to predict
the axial load carrying capacity of all the test specimens reinforced with GFRP bars and
helices. The values of f 'c for the plain, GF and PF reinforced geopolymer concrete were
determined using compressive strength tests conducted on the day of testing, as discussed
above in the preliminary tests section. Figure 3.9 presents the ratios of the predicted load
carrying capacity to the peak experimental axial load (Po / Pexp.) of GFRP reinforced
specimens calculated based on Eq. 3.4. It was observed that (Po / Pexp.) ranged from 0.92
to 1.33. The less compaction achieved in Specimen GGC-75 resulted in the formation of
air voids, which decreased the overall axial load carrying capacity of Specimen GGC-75.
Therefore, the difference between the experimental axial load and the theoretical axial
load of Specimen GGC-75 is much higher than that of other specimens. Overall, the
predicted values indicated a reasonable estimation of the axial load carrying capacity of
plain and fiber-reinforced geopolymer concrete columns reinforced with the GFRP bars
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and GFRP helices. Hence, Eq. 3.4 can be used to study the behavior of axially loaded
geopolymer concrete columns. Further, the contribution of GFRP longitudinal bars in the
axial load carrying capacity of the columns should not be neglected.

Fig. 3.9: Predicted load versus experimental axial load
3.5 Conclusions
This study presents an investigation of plain and fiber-reinforced geopolymer concrete
circular columns reinforced with GFRP bars and GFRP helices tested under axial load.
Ten specimens were tested to study the effect of the type of reinforcement (steel versus
GFRP), pitch of the GFRP helices (40 mm, 75 mm, 100 mm) and addition of fibers (GF
and PF) on the behavior of geopolymer concrete columns. Based on the test results
presented in this study, the following conclusions can be drawn.
1. The axial load-deformation response of the steel and the GFRP bar reinforced
specimens showed a linear behavior in the ascending part of the curves up to almost
90% of the peak axial loads. The peak axial load sustained by the GFRP bar reinforced
specimen was approximately 14.6% less than the peak axial load sustained by its
counterpart steel bar reinforced specimen.
2. The failure of the steel bar reinforced specimen occurred due to the substantial
buckling of the longitudinal steel bars and rupture of the steel helix. However, in
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general, the failure of GFRP bar reinforced specimens was attributed to kinking,
delamination and rupture of the longitudinal GFRP bars and GFRP helices.
3. The reduction in the pitch of the GFRP helices improved the confinement efficiency
and the ductility of all the specimens. Furthermore, the addition of GF and PF
controlled the spalling of the geopolymer concrete cover and slightly improved the
ductility of the geopolymer concrete specimens reinforced with GFRP bars and
helices.
4. In plain geopolymer concrete GFRP bar reinforced specimens, the average
contribution of the longitudinal GFRP bars at compression ranged between 5% and
6% of the peak load. However, in the fiber-reinforced geopolymer concrete GFRP bar
reinforced specimens, the average contribution of the longitudinal GFRP bars at
compression ranged between 6% and 8% of the peak load.
Based on the test results, the post-peak behavior and overall ductility of GFRP bar
reinforced geopolymer concrete columns improved significantly with the addition of GF
and PF fibers. Further research is required to investigate the influence of GF and PF on
the behavior of GFRP bar reinforced geopolymer concrete columns subjected to different
loading conditions.
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Preamble
The use of geopolymer concrete and glass fiber-reinforced polymer (GFRP) bars are the
sustainable alternatives of ordinary Portland cement (OPC) concrete and steel bars,
respectively. The replacement of conventional steel bars with the GFRP bars is an
excellent option to avoid the corrosion of steel reinforcement in reinforced concrete (RC)
structures. The lack of current design guidelines regarding the use of GFRP bars in
columns; requires an in-depth investigation to study the effect of replacing steel
reinforcement with an equivalent GFRP reinforcement on the behavior of GFRP
reinforced concrete columns.
This chapter presents the test results of a detailed experimental study of four steel bar
reinforced geopolymer concrete column reference specimens and eight GFRP bar
reinforced geopolymer concrete column specimens. The column specimens were
reinforced with longitudinal bars and transverse helical reinforcement. The mechanical
properties of both steel and GFRP bars are thoroughly investigated. The following
sections of this chapter present a comparison of the structural behavior of steel and GFRP
bar reinforced geopolymer concrete columns tested under different loading conditions
(concentric, eccentric axial loads and four-point bending).
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4.1 Abstract
This study presents the behavior of ambient-cured circular geopolymer concrete
specimens tested under different loading conditions. Twelve specimens were cast and
tested to investigate the influence of the type of the reinforcement (steel and GFRP), pitch
of the transverse reinforcement and loading conditions (concentric axial load, 15 and 35
mm eccentric axial load, and four-point bending). The axial load carrying capacity,
confinement efficiency and ductility of the specimens decreased for the replacement of
the steel reinforcement with the same amount of GFRP reinforcement under concentric
and eccentric axial loads. However, the ductility of the GFRP reinforced specimen was
higher than the ductility of its steel counterpart specimen under four-point bending.
Overall, the reduction in the pitch of the GFRP helices in the GFRP reinforced specimens
resulted in a significant improvement in the confinement efficiency, ductility and postpeak behavior of the specimens under different loading conditions. Moreover, the
confinement model based equations provides accurate predictions of the theoretical load
carrying capacity of the columns reinforced with GFRP bars and helices.
4.2 Introduction
Concrete is widely used as an important construction material for the development of
infrastructure, with an estimated yearly consumption of 30 billion tonnes [1]. The use of
ordinary Portland cement (OPC) as a binder material in concrete is a traditional method
to produce concrete. Therefore, the production of a huge volume of OPC is a substantial
industrial activity, which contributes to 5-7% of CO2 in the overall greenhouse gas
emissions [2].
Geopolymer concrete is a new form of concrete produced with aluminosilicate binders
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rather than the cement binder. The production of geopolymer concrete involves a process
of geopolymerization of industrial waste materials that are rich in alumina and silica [3].
The synthesis of commercially available binders, i.e., ground granulated blast furnace
slag (GGBFS) and fly ash (FA), is carried out in the presence of an alkaline solution
(sodium- hydroxide and sodium silicate). McLellan et al. [4] and Turner et al. [5] reported
that the production of geopolymer based pastes and concrete significantly reduced
greenhouse gas emissions. Several research studies indicated that geopolymer concrete is
a durable construction material with mechanical properties as good as the OPC concrete.
Geopolymer concrete offers higher fire resistance with low susceptibility to shrinkage
and creep than OPC concrete. In addition, geopolymer concrete possesses comparable or
even higher chemical resistance against chloride and sulphate attacks compared to OPC
concrete [6-8]. The development of ambient-cured geopolymer concrete is a major
breakthrough in the use of geopolymer concrete, as it offers economical solution and
simplification for in-situ constructions [9].
The service life of reinforced concrete structures is currently a major concern of the
construction industry. One of the main factors affecting the performance of reinforced
concrete (RC) structures is the corrosion and degradation of steel reinforcement.
Therefore, the use of fiber reinforced polymer (FRP) bars instead of conventional steel
bars has become an innovative solution, particularly for marine structures [10]. The FRP
bars are lightweight (20–25% of the density of steel), corrosion resistant, and nonelectromagnetic. In addition, FRP bars have high tensile strength and fatigue resistance
compared to the conventional steel bars, making FRP bars suitable alternatives to steel
bars in RC structures [11].

96

A number of studies investigated the shear and the flexural behavior of OPC and
geopolymer concrete structural members reinforced with FRP composites [12-14]. The
FRP bars have lower compressive strength compared to their tensile strength (Afifi et al.
2014). Khorramian and Sadeghian [15] evaluated the compressive characteristics of
GFRP bars by testing 35 specimens manufactured by different manufacturers. It was
found that the lowest compressive to tensile strength ratio of the tested GFRP bars was
55%. The Canadian code CSA S806-17 [16] ignores the contributions of FRP bars in
compression. On the other hand, ACI 440.1R-15 [17] provides no guidelines for the use
of the longitudinal FRP bars in compression members and highlights the need for indepth research in this area.
The behavior of columns reinforced with FRP bars has also been investigated. Alsayed
et al. [18] investigated the behavior of rectangular reinforced concrete columns for the
replacement of steel reinforcement with the GFRP reinforcement. It was found that the
axial load carrying capacity of GFRP reinforced columns was 13% lower than that of the
steel reinforced columns. The studies highlighted that neglecting the contribution of FRP
bars under compression was a conservative approach [19,20]. Tobbi et al. [21] found that
the contribution of GFRP bars in the axial load carrying capacity of the columns was
about 10%. Hadhood et al. [22] considered the contribution of GFRP bars under
compression in the section analysis and developed load-moment characteristics of
eccentrically loaded circular concrete columns reinforced with GFRP bars and helices,
which reasonably agreed with the experimental results. It was found that, to avoid the
tension failure, the minimum GFRP longitudinal reinforcement ratio of 1% could be used
if the mechanical properties comply with the limits of the available codes and standards
[22]. Further, it was found that the use of the GFRP longitudinal reinforcement ratio up
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to 3.3% enhanced the stiffness of the columns [23]. The ductility and the post-peak loaddeformation behavior of the GFRP bar reinforced concrete columns improved
significantly for the reduction in the pitch of the GFRP helices [24-26]. Guérin et al. [27]
reported that the level of the axial load eccentricity significantly influenced the strength,
failure mode and overall behavior of the GFRP reinforced concrete columns.
Relatively fewer studies investigated the behavior of ambient cured geopolymer
concrete columns. Sumajouw et al. [28] tested twelve geopolymer concrete columns of
175 × 175 mm cross-section and 1500 mm height reinforced with steel bars. The test
results agreed with the theoretical results calculated using the design provisions of
Australian Standard AS 3600-01 [29] and American design code ACI 318-19 [30]. Sarker
[31] found that the analysis of steel reinforced geopolymer concrete columns can be
performed using the analytical method for OPC concrete columns with the appropriate
stress-strain relationship of the geopolymer concrete. Farhan et al. [32] tested sixteen
circular steel reinforced geopolymer concrete columns under axial and flexural loads. It
was found that the ductility of the columns increased significantly with the addition of
steel fiber.
A detailed review of the literature reveals that GFRP bars and geopolymer concrete
are suitable materials for columns, particularly for marine structures and structures that
require high electromagnetic resistance. The use of GFRP bars leads to an overall
reduction in the weight of the structure. The combination of GFRP bars and geopolymer
concrete is an excellent option that can be used as an alternative of steel bars and OPC
concrete for the columns. Maranan et al. [33] investigated the behavior of ambient-cured
circular geopolymer concrete columns reinforced with GFRP bars. However, the
experimental testing presented in Maranan et al. [33] was limited to the concentrically
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loaded columns. In reality, construction errors and moving loads can cause eccentric axial
and flexural loads in the columns. In fact, most columns are exposed to a combination of
axial loading and bending moment. Hence, this study investigates the effect of the
concentric axial load, 15 mm and 35 mm eccentric axial loads and flexural load on the
behavior of ambient-cured circular geopolymer concrete columns reinforced with GFRP
bars and helices. In addition, the effect of replacing steel reinforcement with the same
amount of GFRP reinforcement, the pitch of GFRP helices and the loading condition were
investigated. In addition, the theoretical axial load carrying capacities of the columns
were calculated using various confinement models proposed in the literature.
4.3 Experimental program
4.3.1 Details of the experimental program
The experimental program comprised testing of twelve ambient-cured circular
geopolymer concrete column specimens. The specimens were distributed into three
groups with four specimens in each group based on the type and the arrangement of the
reinforcement. Three specimens in each group were of 160 mm diameter and 640 mm
height. The fourth specimen in each group was of 160 mm diameter and 1500 mm height.
The first group (S40) included the specimens reinforced longitudinally with six N10
(diameter = 10 mm) deformed steel bars and transversely with R8 (diameter = 8 mm)
plain steel bar helices with 40 mm pitch. The second and third groups (G40, G75)
included the specimens reinforced longitudinally with six G10 (diameter = 10 mm) ribbed
GFRP bars. The specimens in the second and the third groups were reinforced
transversely with G8 (diameter = 8 mm) GFRP bar helices with 40 mm and 75 mm pitch,
respectively. The specimens in the first group (S40) were used as reference specimens.
The specimens in the second group (G40) were prepared to study the influence of the type
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of reinforcement (steel and GFRP) on the behavior of circular geopolymer concrete
columns. The specimens in the third group (G75) were prepared to investigate the effect
of increasing the pitch of the transverse GFRP helices on the behavior of ambient-cured
circular geopolymer concrete columns.
Table 4.1 shows the test matrix used in this study. The dimensions and reinforcement
details of the specimens are presented in Fig. 4.1. The first specimen of each group was
tested under concentric axial load. The second and the third specimens of each group
were tested under 15 mm and 35 mm eccentric axial loads, respectively. The axial load
eccentricities of 15 mm (e/D = 0.09) and 35 mm (e/D = 0.22) were selected considering
the diameter of the columns and the available test facility in the structural engineering
laboratory at the University of Wollongong, Australia. The lower bound of the load
eccentricity (e/D = 0.09) was taken approximately half of the upper bound eccentricity
(e/D = 0.22). The fourth specimen of each group was tested as a beam under four-point
bending to investigate the pure flexural behavior of the specimens.
Table 4.1: Test matrix geopolymer concrete columns under different loading conditions.
Group

Specimen

S40

S40E0
S40E15
S40E35
S40B

G40

G40E0
G40E15
G40E35
G40B

G75

G75E0
G75E15
G75E35
G75B

Longitudinal
reinforcement

Transverse
reinforcement

Steel 6N10

Steel R8 @ 40 mm

GFRP 6G10

GFRP 6G10

Axial Load
eccentricity (mm)
0
15
35
Flexural

GFRP G8 @ 40 mm

0
15
35
Flexural

GFRP G8 @ 75 mm

0
15
35
Flexural

100

The specimens were identified by specimen labels. Each label consists of letters and
numbers based on the type of reinforcement, arrangement of the transverse helices and
loading conditions (Table 4.1). The first part of each label represents the reinforcement
material, where “S” and “G” refer to steel and GFRP reinforcement, respectively.
Afterwards, the second part of each label refers to the pitch of the helices. The numbers
40 and 75 represent 40 mm and 75 mm pitch, respectively. The third part represents the
loading condition, i.e., E0 refers to concentric axial load, E15 and E35 refer to 15 mm
and 35 mm eccentric axial loads, respectively, and B refers to four-point bending. For
example, Specimen G40E35 represents the geopolymer concrete specimen reinforced
longitudinally with 6G10 bars and transversely with GFRP helices at 40 mm pitch and
tested under 35 mm eccentric axial load.

Fig. 4.1: Dimensions and reinforcement details of the specimens tested under
concentric axial load, 15 mm eccentric axial load and 35 mm eccentric axial load: (a)
Group S40; (b) Group G40; and (c) Group G75.
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4.3.2 Materials and mix proportions of geopolymer concrete
All the specimens were cast using geopolymer concrete with a design compressive
strength of 50 MPa at 28 days. The geopolymer concrete mix was prepared using ground
granulated blast furnace slag (GGBFS), fly ash (FA), alkaline solution, coarse aggregate
(up to 10 mm size), fine aggregates (river sand), water and superplasticizer. The GGBFS
and FA were supplied by Australasian Slag Association, Australia [34] and Boral Group
of Companies, Australia [35], respectively. The alkaline solution of 14 molarity was
prepared by mixing sodium hydroxide (NaOH) and sodium silicate (Na2SiO3) solutions.
The Na2SiO3 solution was composed of Na2O =14.7% and SiO2 = 29.4% with a modulus
ratio (Ms) of 2 (SiO2/Na2O). The Na2SiO3 was supplied by PQ Australia [36].
Commercially available superplasticizer (Viscocrete-10 [37]) was used to enhance the
workability of the fresh geopolymer concrete mix. The mix proportions used in this study
were similar to those proposed in a previous study conducted at the University of
Wollongong, Australia by Ali et al. [38] for ambient-cured geopolymer concrete (Table
4.2). In Ali et al. [38], trial mixes were prepared and tested to modify the mix design of
Hadi et al. [9] for desired workability and the compressive strength.
4.3.3 Preliminary testing
The preliminary testing included the chemical analysis of GGBFS and FA, the tensile
and compressive strength of steel and GFRP reinforcement and the compressive strength
of ambient cured geopolymer concrete. The chemical composition of GGBFS and FA
was determined using X-Ray Fluorescent (XRF) test conducted at the laboratory of
School of Earth and Environmental Sciences, University of Wollongong, Australia. The
GGBFS contained 42.7% calcium oxide (CaO) by mass and the FA contained 83.4% of
alumino-silicates (Al2O3.SiO2) by mass. The fly ash was classified as Class F in
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accordance with ASTM C618-19 [39]. The test results of the chemical analysis of GGBFS
and FA are presented in Table 4.3.
The mechanical properties of N10 longitudinal steel bars and R8 steel helices were
determined in accordance with AS 1391-17 [40]. The yield tensile strength and elastic
tensile modulus of N10 deformed steel bars were 552 MPa and 193 GPa, respectively.
The yield tensile strength and elastic tensile modulus of R8 plain steel bars were 520 MPa
and 190 GPa, respectively. Both G10 longitudinal GFRP bars and G8 GFRP bar helices
were provided by MateenBarTM Australia [41]. The root diameters of G10 and G8 GFRP
bars were 9.2 mm and 7.4 mm, respectively, as per the specifications provided by the
manufacturer. The diameter of G10 and G8 GFRP bars obtained using the immersion test
was 9.8 mm and 7.7 mm, in accordance with ISO 10406-1-15 [42]. The mechanical
properties of both G10 and G8 ribbed GFRP bars were determined based on the root
diameters in accordance with ASTM D7205-16 [43] and ASTM D695-15 [44]. The
tensile strength and elastic tensile modulus of G10 GFRP bars were 1263 MPa and 63.8
GPa, respectively. The tensile strength and elastic tensile modulus of G8 GFRP bars were
1162 MPa and 61.9 GPa, respectively. Based on the root diameter, the compressive
strengths of G10 and G8 GFRP bars were 827 MPa and 907 MPa, respectively for a tested
length to diameter (l/d) ratios of 4.3. Table 4.4 shows the average properties of steel and
GFRP reinforcement. The typical tensile stress-strain behavior of steel and GFRP
longitudinal bars are presented in Fig. 4.2. Figures 4.3(a) and 4.3(b) show the ribbed
GFRP bar and GFRP helices used in this study.
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Table 4.2: Mix proportions of the geopolymer concrete (Based on Ali et al. 2019)
Material

Quantity

FA (kg/m3)
GGBFS (kg/m3)
Aggregate (kg/m3)
Sand (kg/m3)
Na2SiO3 (kg/m3)
NaOH (kg/m3)
NaOH (mole/l)
Al/Bi a
Na2SiO3/NaOH
Superplasticizer (kg/m3)
Water (kg/m3)
a
Al/Bi = alkaline activator to binder mass ratio.

270
180
1295
552
112.5
45
14
0.35
2.5
34.7
86.4

Table 4.3: Chemical composition (mass %) of ground granulated blast furnace slag (GGBFS) and fly ash (FA).
Material

CaO

Al2O3

SiO2

MgO

Components
Fe2O3
K2O
Na2O

GGBFS
FA

TiO2

42.7
12.8
34.5
5.3
0.4
0.3
0.8
0.8
2.9
26.2
62.4
0.4
2.6
1.1
0.6
0.9
Note: Loss on ignition for GGBFS and FA were 0.1% and 2.0% by mass, respectively.
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P2O5

Mn2O3

SO3

0.1
0.2

0.4
0.1

1.7
0.3

Table 4.4: Average properties of the bars.
R8
N10
G8
G10
Average properties of the bars
(Steel)
(Steel)
(GFRP)
(GFRP)
a
b
Nominal diameter (mm)
8
10
8(7.7 ,7.4 ) 10(9.8a,9.2b)
Tensile strength (MPa)
520c
552c
1162d
1263d
Tensile strain (mm/mm)
0.0029c
0.0032c
0.0185d
0.0207d
Elastic tensile modulus (GPa)
190
193
61.9
63.8
d
Compressive Strength (MPa)
907
827d
Note: Tensile strength, elastic tensile modulus and compressive strength of GFRP bars are calculated
based on the root diameter.
a
Obtained using immersion test in accordance with ISO 104061.1-15 [42].
b
Root diameter provided by the manufacturer [41].
c
Yielding.
d
Ultimate.

The compressive strength of ambient-cured geopolymer concrete was determined by
testing three-cylinder (100 × 200 mm) specimens in accordance with AS 1012.9-14 [45]
and the average compressive strengths are reported. The average compressive strengths
of ambient-cured geopolymer concrete at 7 days, 28 days and the testing day of the
specimens were 35MPa, 52 MPa and 54.4 MPa, respectively.

Fig. 4.2: Typical tensile stress-strain behavior of steel and GFRP longitudinal bars.
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Fig. 4.3: Internal reinforcement of test specimens: (a) longitudinal GFRP bar; (b)
GFRP helices; (c) assembling; (d) instrumentation; and (e) reinforcement cages.
4.3.4 Fabrication and casting of specimens
All the specimens were fabricated and cast at the Highbay laboratory of the School of
Civil, Mining and Environmental Engineering, University of Wollongong, Australia. At
the start, steel and GFRP cages were assembled as per the design of each specimen. The
longitudinal steel and GFRP bars were aligned in the vertical position by using two
wooden circular templates having an outer diameter of 112 mm. Each template contained
six uniformly distributed holes around the diameter to hold the longitudinal bars in place.
One additional hole at the center of each template was used to hold a fixed threaded steel
rod as per the required height of the specimens. Afterwards, the longitudinal
reinforcement was assembled with the transverse reinforcement using steel wire ties of
150 mm length. The helices were positioned using aluminium spacer jigs to attain 40 mm
and 75 mm pitch for the specimens of different groups (Fig. 4.3c).
Electrical strain gauges were attached to the longitudinal bars and helices to obtain
strain readings during the test (Fig. 4.3d). The longitudinal bars were attached with 25
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mm steel pins at the bottom to maintain a uniform concrete cover of 25 mm at the ends
of all the specimens. The steel and GFRP reinforcement cages were assembled to attain
an outer diameter of 128 mm (Fig. 4.3e). The steel wires were attached to the
reinforcement cages to maintain the concrete cover (16 mm) at the sides of the specimens.
Afterwards, the steel and the GFRP reinforcement cages were placed inside the molds.
Polyvinyl chloride (PVC) pipes with an internal diameter of 160 mm were used to cast
the specimens. All PVC molds were placed on a flat wooden pallet to avoid unnecessary
movements.
The mixing of the geopolymer concrete started with the mixing of the coarse aggregate
and fine aggregate for 1 minute. The binders (slag and fly ash) were then added into the
mixer and mixed for two minutes. Once the dry materials were mixed, the alkaline
solution was slowly added into the mixer, followed by the water and the superplasticizer.
The mixing continued for another 3-4 minutes and a homogenous mixture of geopolymer
concrete was prepared. The fresh mix of the geopolymer concrete was directly poured
into the PVC molds. Based on the capacity of the pan mixer, three batches were prepared
to fill the molds for the specimens of each group (S40, G40, and G75). The specimens
were poured in three layers and each layer was compacted using an electric vibrator to
remove the entrapped air. Afterwards, all the specimens were kept under ambient-curing
conditions until the testing day.
4.3.5 Testing setup and instrumentation
All concentric and eccentric axially loaded specimens were tested using a 5000 kN
Denison compression testing machine at the University of Wollongong, Australia. The
top and the bottom ends of the concentric and eccentric axial loaded specimens were
externally wrapped with two layers of carbon fiber-reinforced polymer (CFRP) sheet of
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80 mm width and 0.5 mm thickness to avoid any premature failure during the testing due
to the stress concentration at the ends. In addition, both ends of the specimens were
capped with plaster to ensure a uniform distribution of load across the section during the
test. A pair of loading heads were fabricated at the University of Wollongong, Australia
and used at the top and the bottom of the specimens to apply axial loads with the required
eccentricity. The loading heads were composed of circular steel plates and steel ball
joints. The inner diameter of each circular steel plate was greater than the diameter of the
tested specimen. The gap between the inner wall of the loading head and the specimen
was filled with a 3 mm thick layer of plaster to confine the end region of the specimen.
All concentrically loaded specimens were tested without using steel ball joints in the
loading heads. Therefore, the specimens experienced concentric axial load directly from
the testing machine through the circular steel plates. On the other hand, for the specimens
tested under eccentric axial load, the steel ball joints were used to transfer the eccentric
axial load from the testing machine at 15 mm eccentricity and 35 mm eccentricity. Figure
4.4(a) shows the test setup for the specimens tested under eccentric axial loads.
The specimens tested as beams under four-point bending were tested using a 1000 kN
loading frame. Two circular steel rigs were used at the top and the bottom of the beam
specimens to transfer the load from the testing machine. The inner diameter of each steel
rig was equal to the diameter of the tested specimen. All the specimens under four-point
bending were tested over a clear span of 1300 mm. The spacing between the two point
loads was 433.3 mm. Figure 4.4(b) shows the test setup for the specimens tested as beams
under four-point bending. The test results were collected through electrical strain gauges,
linear variable differential transducers (LVDTs) and laser triangulation. Two strain
gauges were attached to the two opposite longitudinal bars at the mid-height of the
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specimens to observe the strains in the longitudinal reinforcement. In addition, two strain
gauges were attached to the helices (180° apart) at the mid-height of the specimens to
observe the strain development in the transverse reinforcement. All strain gauges were
positioned on the reinforcement at the mid-height of the test region. Two LVDTs were
attached vertically on the opposite corners between the loading head and the supporting
head of the Denison compression-testing machine to measure the axial deformation in the
specimens tested under concentric and eccentric axial loads. The lateral deformation of
the specimens tested under the eccentric axial load was recorded by a laser triangulation
attached at the mid-height of the tested specimen. The midspan deflection of the
specimens tested as beams in the loading frame was recorded by a laser triangulation
placed under the midspan of the tested specimens, as shown in Fig. 4.4(b).

Fig. 4.4: Testing setup: (a) eccentric axial loading and (b) four-point bending.
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The testing began by applying force-controlled loads on the specimens up to 10% of
their predicted load carrying capacity at a rate of 2 kN/s. Then the specimens were
unloaded to 20 kN at the same rate. This process was adopted to prevent any movement
that might have taken place during the test. Afterwards, the loading continued under the
displacement-control system at a rate of 0.003 mm/s for the specimens tested in the
Denison compression testing machine. A loading rate of 0.016 mm/s was used for the
specimens tested as beams under four-point bending in the loading frame. All the
specimens were tested until the failure of the specimen. The internal load cell of the
testing machines (5000 kN Denison testing machine and 1000 kN loading frame)
recorded the test results. The strain gauges, LVDTs and the laser triangulations were
attached to a data logger to record the testing data at every 2 s. Two computers were
attached to store the test results: one from the internal load cell of the individual testing
machine and the other from the data logger.
4.4 Experimental results and discussions
4.4.1 Behavior of specimens tested under concentric axial load
Three specimens (one from each group) were tested under concentric axial load. The
failure modes of the column specimens tested under concentric axial loads are shown in
Fig. 4.5. The failure modes of the tested specimens under concentric axial loads were
mainly influenced by the type of reinforcement (steel or GFRP) and the arrangement of
the transverse helices. All specimens were tested to failure.
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Fig. 4.5: Failure mode of geopolymer concrete specimens tested under concentric and
eccentric axial loads.
The failure of Specimens S40E0, G40E0 and G75E0 occurred in the following
mechanism. With an increase in the axial load, the longitudinal strain increased. Also,
lateral strain in the geopolymer concrete increased due to Poisson’s effect. At the peak
concentric axial load, the high lateral strains resulted in the formation of vertical hairline
cracks at the mid-height of the tested specimens. In Specimen G75E0, wider and deeper
cracks were observed as compared to Specimens S40E0 and G40E0. This could be due
to the increased pitch of the helices in Specimen G75E0 compared to Specimens S40E0
and G40E0. After the peak axial load, the spalling of the concrete cover occurred, causing
the formation of progressive cracks and an increase in the lateral expansion of the
geopolymer concrete core. The total failure of Specimen S40E0 occurred due to the
extensive buckling of the longitudinal steel bars and rupture of the steel helix (Fig. 4.6a.).
Similar observations were reported for concrete columns in Pantelides et al. [24].
However, in Specimen G40E0, closely spaced GFRP helices resisted the lateral
movement of the longitudinal GFRP bars. This led to the kinking of the glass fibers in
the longitudinal GFRP bars, which was followed by the delamination and fracture of the
longitudinal GFRP bars on the tension side, crushing of concrete core and the rupture of
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the GFRP helices (Fig. 4.6b). On the other hand, in Specimen G75E0, widely spaced
GFRP helices provided less confinement, which resulted in the buckling and rupture of
the longitudinal GFRP bars, as shown in Fig. 4.6(c).

Fig. 4.6: Close-up view of the steel and GFRP reinforcement after failure.
The axial load-axial deformation behaviors of the concentrically loaded Specimens
S40E0, G40E0 and G75E0 are shown in Fig. 4.7. It can be observed that the ascending
slope of the curve of Specimen G75E0 was slightly lower than the ascending slope of the
curve of Specimen G40E0, although the difference is not significant. The slight variation
could be because of the non-homogeneity of the geopolymer concrete caused during
mixing, placing and compaction, which might have affected the properties of geopolymer
concrete. Neville [46] reported similar observations for OPC concrete. It can also be
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observed that Specimens S40E0, G40E0 and G75E0 followed a linear ascending path
until the peak load because of the low lateral expansion of the geopolymer concrete due
to little or no contribution to the confinement of concrete core provided by helices. This
could be because the Poisson’s ratio of geopolymer concrete is less than the Poisson’s
ratio of OPC concrete. Also, geopolymer concrete is more brittle than OPC concrete.
Afterwards, a short non-linear reduced slope before the peak load represents the crushing
and cracking of the geopolymer concrete. In general, at 95% of the peak load, hairline
cracks started to appear at the mid-height surface of the specimens due to the lateral
expansion of the geopolymer concrete. The confinement provided by the helices was
partially activated at this stage. Later on, the cracks widened and formed major vertical
cracks, followed by the complete spalling of the concrete cover. This led to complete
activation of the transverse reinforcement, which provided confinement and resisted the
lateral movement of the geopolymer concrete core. As a result, a slight increase in the
post-peak behavior was observed, followed by the failure of reinforcement.

Fig. 4.7: Axial load-axial deformation behavior of geopolymer concrete specimens
tested under concentric axial load.
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The experimental results of the specimens tested under concentric axial load are
presented in Table 4.5. The peak axial loads sustained by Specimens S40E0 and G40E0
were 1243.6 kN and 1062.2 kN, respectively. The replacement of steel reinforcement
directly with the same amount of GFRP reinforcement resulted approximately 14.5% less
axial load carrying capacity of the specimens under concentric axial load. On the other
hand, Specimen G40E0 sustained about 21% higher peak axial load compared to
Specimen G75E0. This was because of the reduction in the pitch of the GFRP helices
from 75 mm to 40 mm.
Table 4.5: Experimental results of geopolymer concrete specimens tested under
concentric axial load.
Specimen

S40E0

G40E0

G75E0

Pl (kN)
1175.0
1026.8
Axial deformation at Pl (mm)
3.5
3.4
Peak axial load, Ppeak (kN)
1243.6
1062.2
Axial deformation at Ppeak (mm)
3.8
3.7
Average longitudinal bar strain at Ppeak, Ɛbar (µε)
1030
2526
Average strain in the helices at Ppeak, Ɛhelix (µε)
745
625
b
Pbar (kN)
259
64
a
Pl = Load at the end of the linear elastic stage.
b
Pbar = Average axial load contribution by longitudinal bars at Ppeak.

863.3
3.0
876.8
3.1
2071
521
53

Karim et al. [47] reported similar observations for circular concrete columns reinforced
with GFRP bars and helices. After the peak axial load, all the specimens experienced a
drop in the axial load caused by the spalling of the concrete cover, which initiated the
lateral expansion of the geopolymer concrete core. Specimen S40E0 experienced a drop
of about 49% in the peak axial load before the rupture of the steel helix. The
corresponding axial deformation in Specimen S40E0 before the rupture of steel helix was
recorded as 17.9 mm. On the other hand, Specimens G40E0 and G75E0 experienced
about 21% and 41% loss of their peak axial loads before the rupture of the GFRP
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reinforcement, respectively. The rupture of the GFRP helices in Specimens G40E0 and
G75E0 occurred at axial deformations of 7.3 mm and 6.4 mm, respectively.
The contribution of longitudinal bars in compression (Pbar) is also presented in Table
4.5. In the reference Specimen S40E0, the value of Pbar was calculated by multiplying the
nominal area of the longitudinal steel bars with the yield strength of the steel bar. The
axial load contribution of GFRP bars was calculated by multiplying the nominal area of
the longitudinal GFRP bar with the measured average strain in the longitudinal bars and
the modulus of elasticity of the longitudinal bars. In Specimen S40E0, the axial load
contribution of longitudinal steel bars in the peak axial load was approximately 20.9%.
On the other hand, the average axial load contribution of GFRP bars in Specimens G40E0
and G75E0 was approximately 6%. This could be due to the brittle nature of GFRP bars
compared to steel bars.
4.4.2 Behavior of specimens tested under eccentric axial load
Six specimens (two from each group) were tested under the eccentric axial load.
Specimens S40E15, G40E15 and G75E15 were tested under 15 mm eccentric axial load
and Specimens S40E35, G40E35 and G75E35 were tested under 35 mm eccentric load.
The failure modes of the specimens tested under 15 mm and 35 mm eccentric axial loads
are shown in Fig. 4.5.
The failure of the eccentrically loaded specimens initiated with the crushing of the
geopolymer concrete cover on the compression face. The crushing of the geopolymer
concrete cover on the compression face initiated the transverse cracking on the tension
face. This behavior was because of the combined axial-flexural load. It was observed that
the width and the depth of the cracks on the tension side increased with an increase in the
axial loading and were dependent on the pitch of the helices. The specimens reinforced
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with widely spaced helices experienced wider and deeper cracks as compared to the
specimens reinforced with closely spaced helices. Afterwards, Specimens S40E15 and
S40E35 experienced buckling of the longitudinal steel bars on the compression side. The
total failure of Specimens S40E15 and S40E35 occurred due to the extensive buckling of
the longitudinal steel bars on the compression side and rupture of the longitudinal steel
bars on the tension side, as shown in Fig. 4.6(d). After the completion of the test, the
remaining intact concrete cover was removed to inspect the failure of the reinforcement.
Similar observations were reported for geopolymer concrete columns reinforced with
steel bars and helices in Farhan et al. [32]. On the other hand, in Specimens G40E15 and
G75E15, the longitudinal GFRP bars ruptured at the middle-third of the compression side,
causing the failure of the specimens. Specimens G40E35 and G75E35 experienced
flexural-tension failure caused by spalling of the concrete cover on the compression side
followed by the rupture of the GFRP bars at the upper third portion of the tension side of
the specimens (Fig. 4.5).
The experimental test results of the specimens tested under 15 mm and 35 mm
eccentric axial loads are presented in Table 4.6. Figure 4.8(a) shows the axial load-axial
deformation and axial load-lateral deformation behavior of the specimens tested under 15
mm eccentric axial load. It can be observed that the ascending part of the axial load-axial
deformation curves of steel and GFRP reinforced specimens were almost linear until the
peak axial load. The peak axial load sustained by Specimen S40E15 was 925.9 kN. The
peak axial load sustained by Specimens G40E15 and G75E15 were about 15.9% and
20.7%, respectively, lower than the peak axial load sustained by reference Specimen
S40E15. After the peak axial load, the concrete cover started to spall off on the
compression side, which activated the transverse reinforcement. In comparison with the
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concentrically loaded specimens, the specimens of Groups S40, G40 and G75
experienced 25.5%, 26.7% and 16.2% reduction, respectively, in the axial load carrying
capacity for the increase in the loading eccentricity from zero to 15 mm.
Figure 4.8(b) shows the axial load-axial deformation and axial load-lateral
deformation behavior of the specimens tested under 35 mm eccentric axial load. The
behavior of Specimens S40E35, G40E35 and G75E35 in the ascending part of the axial
load-axial deformation curve was almost linear until the peak axial load. The peak axial
load sustained by the reference Specimen S40E35 was 493.7 kN. Specimens G40E35 and
G75E35 sustained 4.8% and 15.7% lower peak axial load, respectively than the peak axial
load sustained by the reference Specimen S40E35. In comparison with the concentrically
loaded specimens, the specimens of Groups S40, G40 and G75 sustained 60.3%, 55.7%
and 52.5% lower peak axial load, respectively by increasing the eccentricity of the axial
load from zero to 35 mm. It was also observed that Specimens G75E15 and G75E35
sustained lower peak axial loads compared to Specimens G40E15 and G40E35 due to the
lower confinement pressure provided by the transverse reinforcement.
Table 4.6: Experimental results of geopolymer concrete specimens tested under eccentric
axial loads.
Specimen
Pl (kN)
Axial deform. at Pl (mm)
Peak axial load, Ppeak (kN)
Axial deform. at Ppeak (mm)
Lateral deform. at Ppeak (mm)

15 mm eccentric axial load

35 mm eccentric axial load

S40E15 G40E15 G75E15 S40E35 G40E35 G75E35
904.9
2.8
925.9
2.9
2.7

766.1
2.3
778.4
2.4
2.1
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710.6
2.4
734.1
2.5
1.6

476.2
2.3
493.7
2.5
3.1

452.2
2.0
469.7
2.1
2.1

396.0
2.5
415.9
2.7
3.6

(a)

(b)
Fig. 4.8: Axial load-axial deformation and axial load-lateral deformation behavior of
geopolymer concrete specimens tested under: (a) 15 mm eccentric axial load and (b) 35
mm eccentric axial load.

4.4.3 Behavior of specimens tested under four-point bending
Three specimens (one from each group) were tested as beams under four-point bending
to investigate the behavior of the geopolymer concrete specimens under flexural load.
Figure 4.9 presents the failure mode of the geopolymer concrete specimens tested under
four-point bending.
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Fig. 4.9: Failure of geopolymer concrete specimens tested under four-point bending.
The failure of the specimens tested as beams under four-point bending initiated with
the formation of hairline cracks at the midspan on the tension side. This was followed by
the crushing of concrete in the compression region at the midspan of the specimens. The
width and number of the cracks on the tension side varied depending upon the pitch of
the helices in the specimens. The specimens reinforced with closely spaced helices (S40B
and G40B) experienced closely spaced hairline cracks. However, the specimen reinforced
with widely spaced helices (G75B) exhibited widely spaced but deep cracks. Similar
observations were reported in Hasan et al. [26]. The crushing of concrete on the mid-span
compression side resulted in an increase in the deflection of the specimens, which led to
the development of new cracks as well as increased the depth of the existing cracks on
the tension side. At this stage, the flexural load of the specimens was dropped to 80%.
Afterwards, the flexural load continued to drop until the rupture of the reinforcing bars
on the tension side, which led to the ultimate failure of the specimens. The rupture of the
longitudinal steel bars in the extreme tension side at the midspan led to the total failure
of Specimen S40B. On the other hand, the rupture of both GFRP bars and GFRP helices
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on the tension side at the midspan resulted in the complete failure of Specimens G40B
and G75B.
The experimental test results of steel and GFRP reinforced specimens tested as beams
under four-point bending are presented in Table 4.7. Figure 4.10 shows the flexural loadmidspan deflection behavior of the specimens tested under four-point bending. It can be
observed that all the specimens showed a linear ascending behavior until the first peak
load. Afterwards, a drop in the flexural loads was observed due to the crushing of the
geopolymer concrete cover on the compression face. The reference Specimen S40B
showed only one peak, which was about 72.1 kN with a corresponding midspan deflection
of 22.2 mm. On the other hand, Specimens G40B and G75B continued to resist the
flexural loads beyond the first peak loads and achieved the second peak loads. The load
sustained by Specimens G40B and G75B at the first peaks were 64.6 kN and 60.8 kN,
which were about 10.4% and 15.7% less, respectively, compared to the reference
Specimen S40B. The midspan deflections of Specimens G40B and G75B at the first peak
load were approximately 45.7% and 59.9% higher, respectively, than the midspan
deflection of Specimen S40B.
Table 4.7: Experimental results of the geopolymer concrete specimens tested under fourpoint bending.
Specimen

S40B

G40B

G75B

First peak load, Ppeak1 (kN)

72.1

64.6

60.8

Midspan deflection at Ppeak1 (mm)

22.2

32.5

35.5

Second peak load, Ppeak2 (kN)
Midspan deflection at Ppeak2 (mm)

-

82.0
68.3

68.5
72.5

After the first peak load, Specimens G40B and G75B followed almost a linear postpeak ascending behavior until the second peak load due to the high tensile strength and
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the elastic stress-strain relationship of GFRP bars and GFRP helices. The maximum load
sustained by Specimens G40B and G75B at the second peaks were 82.0 kN and 68.5 kN,
respectively. The second peak loads of Specimens G40B and G75B were about 26.9%
and 12.5% higher, respectively, compared to their first peak loads. Afterwards, all the
specimens experienced crushing of the concrete cover on the compression face, followed
by a drop in the flexural load. In general, Specimen G40B sustained approximately 13.7%
and 19.7% higher flexural load compared to Specimens S40B and G75B, respectively.

Fig. 4.10: Flexural load-midspan deflection behavior of geopolymer concrete
specimens tested under four-point bending.
4.4.4 Confinement Efficiency and Ductility
In this study, the confinement efficiency and the ductility of the specimens were
determined to investigate the influence of the type of reinforcement (steel or GFRP) and
arrangement of reinforcement. The procedure for determining the confinement efficiency
and ductility was based on the methods adopted in Afifi et al. [48] and Hadi et al. [49],
respectively. The confinement efficiency of the column specimens was calculated by
dividing the compressive strength of confined geopolymer concrete column (f 'cc) to the
compressive strength of the unconfined geopolymer concrete column (f 'co). The f 'cc
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represents the maximum stress sustained by the area of the confined geopolymer concrete
core (measured based on the outside to outside diameter of the helices). The f 'co is the inplace unconfined compressive strength of the geopolymer concrete, which is taken as
85% of the f 'c, as outlined in Afifi et al. [48]. The ductility of the specimens was computed
as the area under the axial load-axial deformation curve up to the ultimate deformation
divided by the area of the axial load-axial deformation curve up to the deformation at the
end of the linear elastic stage. The ultimate deformation represents the smaller of the first
fracture load of the reinforcement and 80% of the peak load, as adopted in Hadi et al.
[49]. The point where the first crack occurred or the ascending branch of the loaddeformation curve started flattening prior to the peak load was considered as the end of
the linear elastic stage for all the specimens. The load and deformation values recorded
at the end of the linear elastic stage of the concentrically and eccentrically loaded
specimens are presented in Table 4.5 and Table 4.6, respectively. Table 4.8 shows the
values of the confinement efficiency and ductility of the specimens.
The confinement efficiency decreased for the direct replacement of the steel
reinforcement by the same amount of GFRP reinforcement under different loading
conditions. Specimen G40E0 achieved 26.3% less confinement efficiency than that of
Specimen S40E0. The confinement efficiency of Specimen G40E15 was approximately
15.4% less than that of Specimen S40E15. Specimen G40E35 achieved 14.2% less
confinement efficiency than that of Specimen S40E35. In GFRP reinforced specimens,
the reduction in the pitch of GFRP helices from 75 mm to 40 mm resulted in the
improvement in confinement efficiency. Thus, Specimen G40E0 achieved about 7.7%
higher confinement efficiency than that of Specimen G75E0. The confinement efficiency
of Specimen G40E15 was about 22.2% higher compared to Specimen G75E15. The
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confinement efficiency of Specimen G40E35 was 20.1% higher than the confinement
efficiency of Specimen G75E35.
Table 4.8: Experimental peak load, confinement efficiency and ductility of geopolymer
concrete specimens tested under different loading conditions.
Specimen

Ppeak (kN)

Confinement efficiency

Ductility

S40E0
S40E15
S40E35
S40B

1243.6
925.9
493.7
72.1

1.9
1.3
0.7
-

2.6
1.5
1.4
3.9

G40E0
G40E15
G40E35
G40B

1062.2
778.4
469.7
64.6

1.4
1.1
0.6
-

1.5
1.4
1.3
5.0

G75E0
G75E15
G75E35
G75B

876.8
734.1
415.9
60.8

1.3
0.9
0.5
-

1.3
1.2
1.1
4.4

Figure 4.11(a) shows the effect of loading eccentricity on the confinement efficiency
of the specimens. It was observed that the confinement efficiency of the specimens
decreased with an increase in the loading eccentricity from zero to 15 mm and 35 mm
(Fig. 4.11a). The confinement efficiency of Specimens S40E15 and S40E35 were about
31.6% and 63.2% less, respectively, compared to the confinement efficiency of Specimen
S40E0. Similarly, the confinement efficiency of Specimens G40E15 and G40E35 were
about 21.4% and 57.1% less, respectively, compared to the confinement efficiency of
Specimen G40E0. The confinement efficiency of Specimens G75E15 and G75E35 were
about 30.8% and 61.5% less, respectively, compared to the confinement efficiency of
Specimen G75E0.
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Fig. 4.11: Geopolymer concrete specimens tested under different loading conditions:
(a) Eccentricity vs confinement efficiency and (b) Eccentricity vs ductility.
Figure 4.11(b) shows the ductility of the specimens tested under different loading
conditions. It can be observed that the ductility of GFRP reinforced Specimen G40E0
was approximately 42.3% less than the ductility of steel reinforced Specimen S40E0. The
ductility of Specimens G40E15 and G40E35 were approximately 6.6% and 7.1% less,
respectively, compared to the ductility of Specimens S40E15 and S40E35. Overall, in
GFRP reinforced specimens, the specimens reinforced with closely spaced GFRP helices
(40 mm pitch) achieved higher ductility than the specimens reinforced with widely spaced
GFRP helices (75 mm pitch) under different loading conditions. This was due to an
increase in the confinement provided by closely spaced GFRP helices, which effectively
resisted the lateral movement of the geopolymer concrete core. Thus, Specimen G40E0
achieved about 15.4% higher ductility than Specimen G75E0. The ductility of Specimen
G40E15 was approximately 16.6% higher than the ductility of Specimen G75E15.
Specimen G40E35 achieved 18.2% higher ductility than Specimens G75E35.
Figure 4.11(b) also shows that the increase in the loading eccentricity from zero to 15
mm and 35 mm resulted in the reduction of ductility for all the steel and the GFRP bar
reinforced geopolymer concrete specimens. The ductility of eccentrically loaded steel
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reinforced Specimens S40E15 and S40E35 were about 42.3% and 46.2%, respectively,
lower than the ductility of the concentrically loaded Specimen S40E0. The ductility of
eccentrically loaded GFRP reinforced Specimens G40E15 and G40E35 were
approximately 6.6% and 13.3%, respectively, lower than the ductility of the
concentrically loaded Specimen G40E0. Similarly, the ductility of Specimens G75E15
and G75E35 were about 8.3% and 15.3%, respectively, lower than the ductility of
Specimen G75E0.
Unlike the concentric and eccentric loaded specimens, the ductility of the GFRP bar
reinforced specimen tested under four-point bending was significantly higher than the
ductility of the counterpart steel bar reinforced specimen, as shown in Fig. 4.11(b). This
could be because of the higher tensile strength of GFRP bars compared to the equivalent
steel bars (Table 4.4). Therefore, the contribution of GFRP bars was higher than the steel
bars in resisting the flexural load. Thus, the ductility of Specimen G40B was
approximately 28.2% higher than the ductility of Specimen S40B. In GFRP reinforced
specimens, the reduction in the pitch of the GFRP helices increased the ductility.
Specimen G40B achieved 13.6% higher ductility than Specimen G75B. Similar
observations were reported for the GFRP reinforced specimens in Hadi et al. [50].
4.4.5 Experimental versus predicted load capacity of concentrically loaded specimens
The American design code ACI 318-19 [30] recommend Eq. (4.1) to predict the axial
load capacity of OPC concrete columns reinforced with the steel reinforcement. However,
considering the lower compressive strength of FRP bars compared to their tensile
strength, ACI 440.1R-15 [17] do not recommend the use of FRP bars for the longitudinal
reinforcement of concrete columns. In fact, ACI 440.1R-15 [17] provides no design
guidelines for the longitudinal reinforcement of concrete columns with FRP bars. The
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Canadian standard CSA S806-17 [16], permits the use of FRP bars for the longitudinal
reinforcement of concrete columns but neglects the contribution of FRP bars in the axial
load carrying capacity of FRP bar reinforced concrete columns. Based on the design
guidelines of CSA S806-17 [16], Eq. (4.2) can be used to predict the axial load capacity
of FRP bar reinforced OPC concrete columns.
Po = 0.85 f 'c (Ag − Ast)+ fy Ast
Po = α f 'c ( Ag − Af ) ;

α = 0.85-0.0015f 'c ≥ 0.67

(4.1)
(4.2)

where Po is the theoretical axial load carrying capacity, f'c is the 28-day unconfined

compressive strength of concrete; Ag, Ast and Af are the gross area of column, area of steel

bars and area of FRP bars, respectively.
A number of studies reported that neglecting the contribution of longitudinal FRP bar
in compression (as presented in Eq. 4.2) underestimated the axial load carrying capacity
of FRP bar reinforced concrete columns [21,25,48]. Therefore, in the literature, two
different approaches were adopted to account for the contribution of longitudinal FRP
bars in the axial load carrying capacity of the columns. In the first approach, Afifi et al.
[48] calculated the stress in FRP bars by using the tensile strength of the FRP bars, as
shown in Eq. 4.3.
Po = 0.85 f 'c (Ag − Af )+ αf ffu Af

(4.3)

where αf is a reduction factor to account the decrease in the compressive strength of GFRP
bar as a function of the tensile strength of GFRP bar. The value of αf was recommended
to be assumed as 0.35 in Afifi et al. [48]. In Eq. (4.3), ffu represents the ultimate tensile
strength of the longitudinal FRP bar in tension.

In the second approach, the stress in the FRP bars was calculated using the axial strain
(ɛf) in the FRP bars and the modulus of elasticity (Ef) of the FRP bars, as shown in Eq.
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(4.4).
Po = 0.85 f 'c (Ag − Af )+ ɛf Ef Af

(4.4)

Mohamed et al. [51] used Eq. (4.4) to calculate Po of the FRP reinforced concrete (RC)
columns by including the FRP strength contribution until the development of microcracks in the concrete plastic stage. In Mohamed et al. [51], the ɛf value was assumed as
0.002 corresponding to the initiation of plastic concrete deformation. Similarly, Hadi et
al. [25] and Hadhood et al. [52] used Eq. (4.4) to calculate the Po for the FRP RC columns.
However, in Hadi et al. [25] and Hadhood et al. [52], ɛf was taken as 0.003. Further,
Hadhood et al. [52] also used the modified factors k1 = 0.85-0.0015 f 'c and k2 = 0.0035 to
replace the value 0.85 and factor ɛf, respectively in Eq. (4.4), which resulted in reasonable
predictions for the Po of the FRP RC columns.
In this study, it was observed that the change in the pitch of the GFRP helices affected
the confinement stress, which altered the axial load carrying capacities of the columns.
Similar observations were reported by Hadhood et al. [23], Pantelides et al. [24], Maranan
et al. [33] and Karim et al. [47]. Therefore, Eqs. (4.3) and (4.4) are conservative and do
not consider the influence of the pitch of the GFRP helices in the prediction of the axial
load carrying capacity of the columns reinforced with longitudinal GFRP bars and GFRP
helices. Thus, considering Eq. (4), f 'c was replaced with f 'cc (ultimate confined concrete
strength) to include the effect of confinement in the theoretical axial load carrying
capacity of the concentrically loaded GFRP bar reinforced column specimens, as shown
in Eq. (4.5).
Po = 0.85 f 'cc (Ag − Af )+ ɛf Ef Af

(4.5)

The value of f 'cc was calculated based on the lateral confining pressure provided by
the GFRP helices, using different prediction models, including Hadhood et al. [23],
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Pantelides et al. [24], Maranan et al. [33] and Karim et al. [47]. It is noted that, predicted
values of Po were calculated using ɛf = 0.003 in the longitudinal GFRP bars and the
compressive strength of geopolymer concrete of 54.4 MPa (as determined on the day of
testing). Table 4.9 presents a comparison between the experimental and theoretical axial
load carrying capacities of all the concentrically loaded geopolymer concrete columns
calculated using the different approaches. It can be observed that, as expected, based on
ACI 318-19 [30], Eq. (4.1) reasonably predicts the Po of steel bar reinforced geopolymer
concrete column specimen with Po / Pexp of 0.94. The Po of the for the concentrically
loaded GFRP reinforced column calculated using Eq. (4.2) from CSA S806-17 [16]
underestimated the axial load capacity of the specimen with Po / Pexp of 0.78. The
approaches adopted in Hadi et al. [25], Mohammed et al. [51] and Hadhood et al. [52]
predicted the Po for the concentrically loaded GFRP bar reinforced column with Po / Pexp
ranged between 0.91-0.93. The approach adopted by Afifi et al. [48] overestimated the
axial load carrying capacity of the GFRP reinforced column with Po / Pexp of 1.03.
It was also observed that, to consider the effect of the confinement, the models
proposed in Hadhood et al. [23], Pantelides et al. [24], Maranan et al. [33] and Karim et
al. [47] provided a good correlation between the experimental and theoretical Po of all the
GFRP reinforced columns. Pantelides et al. [24] provided accurate predictions for all the
GFRP reinforced geopolymer concrete column specimens with Po / Pexp ranging 0.97 0.99. Based on Hadi et al. [25] and Maranan et al. [33], the Po / Pexp for all GFRP
reinforced columns ranged 0.94 - 0.99 and 0.75 - 0.85, respectively. The predictions based
on Hadhood et al. [23] for all GFRP reinforced columns ranged between 0.86 - 0.90.
Hence, the confinement models proposed by Hadhood et al. [23], Pantelides et al. [24]
and Hadi et al. [25] can be used for the precise predictions of the Po for the geopolymer
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concrete columns reinforced with GFRP bars and GFRP helices. Also, the contribution
of longitudinal GFRP bars should not be neglected and need to be taken into account in
predicting the axial load capacity of FRP bar reinforced geopolymer concrete columns.
Table 4.9: Experimental and predicted axial load capacities of geopolymer concrete
specimens.
Specimen

S40E0 (Pexp.a = 1243.6 kN)

Study

Pob (kN)

Po / Pexp.c

ACI 318-19 (ACI 2019)

1167.9

0.94

Specimen

G40E0 (Pexp. = 1062.2 kN)

G75E0 (Pexp. = 876.8 kN)

Study
Po (kN)
Po / Pexp.
Po (kN)
Po / Pexp.
CSA S806-17 [16]
823.8
0.78
Mohammed et al. [51]
962.1
0.91
Afifi et al. [48]
1087.5
1.02
Hadi et al. [25]
987.6
0.93
*
**
*
**
Hadhood et al. [52]
987.6 / 912.8
0.93 / 0.86
Pantelides et al. [24]
1033.5
0.97
864.5
0.99
Karim et al. [47]
995.6
0.94
868.6
0.99
Maranan et al. [33]
797.1
0.75
754.9
0.86
Hadhood et al. [23]
908.6
0.86
785.5
0.90
a
Pexp. is the maximum experimental axial load carrying capacity of the column.
b
Po is the maximum theoretical axial load carrying capacity of the column.
c
Po / Pexp. is the ratio of the theoretical and experimental axial load carrying capacity of the
column.
* Calculated using k1 = 0.85 and k2 = 0.0035.
** Calculated using k1 = 0.85-0.0015 fc' and k2= 0.0036.

4.5 Conclusions
This study investigated the behavior of ambient cured geopolymer concrete circular
column specimens under different loading conditions. The effect of replacing steel
reinforcement with the same amount of GFRP reinforcement was investigated. Based on
the experimental results, the following conclusions are drawn:
1. The failure of the steel bar reinforced specimens initiated with the buckling of the
longitudinal steel bars and then rupture of the longitudinal steel bar or fracture of steel
helix, which caused a complete failure of the specimens. On the other hand, the failure
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of the GFRP bar reinforced specimens initiated with the kinking of glass fibers in
GFRP bars. The complete failure of the specimens occurred due to the rupture of the
longitudinal GFRP bras and GFRP helices.
2. Replacing the steel reinforcement with the same amount of GFRP reinforcement
resulted in the reduction of the axial load carrying capacity, confinement efficiency
and the ductility of the specimens tested under concentric and eccentric (15 mm and
35 mm) axial loads.
3. Reducing the pitch of the GFRP helices from 75 mm to 40 mm significantly improved
the axial load carrying capacity, confinement efficiency and the ductility of the GFRP
bar reinforced specimens tested under concentric axial load, eccentric (15 mm and 35
mm) axial load, and four-point bending.
4. The contribution of the longitudinal GFRP bars was on average 6% in the axial load
carrying capacity of the GFRP bar reinforced specimens.
5. Under four-point bending, all GFRP bar reinforced specimens achieved second peak
axial loads, unlike the steel bar reinforced specimen. Therefore, GFRP bar reinforced
specimens achieved approximately 14% and 31% higher flexural load and ductility,
respectively, compared to its steel bar reinforced counterpart specimens.
6. The theoretical axial load carrying capacity of the geopolymer concrete columns
reinforced with GFRP bars and GFRP helices can be reasonably predicted by
considering the contribution of the longitudinal FRP bars and the effect of the FRP
confinement provided by the helices.
Based on the results of this study, it can be concluded that GFRP reinforcement is a
promising material that can be used for reinforcing circular geopolymer concrete
columns. The above conclusions were drawn based on the experimental study conducted
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on twelve circular geopolymer concrete columns tested under different loading
conditions. However, extensive research investigations are required on the behavior of
geopolymer concrete columns reinforced with GFRP bars and GFRP helices under
various loading conditions for their practical applications.
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Preamble
Reinforced concrete columns are often exposed to a combination of axial load and
bending moment. This is because of construction errors, moving loads or due to the
unbalanced moments from the attached concrete members such as beams. Therefore, it is
essential to investigate the load-moment (P-M) interaction diagrams of reinforced
concrete columns subjected to different loading conditions.
This chapter presents an analytical model developed using the numerical integration
(layer-by-layer) method for the P-M interaction diagrams of circular geopolymer concrete
columns reinforced with GFRP bars and GFRP helices. The prediction accuracy of the
developed model was verified using the experimental results of the geopolymer concrete
column specimens presented in Chapter four of this thesis. In this chapter, a detailed
parametric study was also conducted to study the effect of the compressive strength of
geopolymer concrete and the longitudinal reinforcement ratio on the axial and flexural
behavior of GFRP bar reinforced geopolymer concrete columns. The analytical layer-bylayer method used to establish the P-M interaction diagrams for GFRP bar reinforced
geopolymer concrete columns, verification of the developed model and detailed
parametric study are discussed in the following sections of this chapter.
Further, this numerical integration technique is used to predict the axial-flexural
behavior of the FRP reinforced geopolymer concrete filled FRP tube circular column, as
attached in Appendix A. The analytical results were then validated using the experimental
results presented in the literature. Also, based on the numerical modelling, a parametric
study was conducted to ascertain the effects of different parameters on the P-M interaction
behavior of the FRP reinforced geopolymer concrete filled FRP tube circular column.
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5.1 Abstract
This study presents an analytical model for the load-moment (P-M) interactions of
circular geopolymer concrete (GPC) columns reinforced with glass fiber reinforced
polymer (GFRP) bars and GFRP helices. The analytical P-M interactions of GPC
columns were developed using the layer-by-layer numerical integration method. The
analytical predictions of GFRP reinforced GPC columns were then validated using the
experimental results from a previous study on the behaviour of GFRP reinforced GPC
columns under different loading conditions. It was found that the developed analytical
model predicted the load and moment capacities of GFRP reinforced GPC columns with
good accuracy. Further, a parametric study showed that the influence of increasing the
compressive strength of GPC was more pronounced on P-M interactions of GPC columns
under concentric and low level of eccentric axial loadings. Also, the increase in
longitudinal reinforcement ratio resulted in significant improvements in the moment
capacities of GPC columns reinforced with GFRP bars and GFRP helices.
5.2 Introduction
In the last two decades, geopolymer concrete (GPC) gained significant attention across
the world for practical applications in the construction industry. The increasing demand
for the GPC is primarily attributed to its environment friendly composition. The
production of GPC utilises industrial by-products such as blast furnace slag and fly ash
[1]. Therefore, the usage of GPC involves less CO2 emissions than the usage of ordinary
Portland cement (OPC) concrete [2]. McLellan et al. [3] and Habert et al. [4] concluded
that the consumption of GPC emits approximately 35% less CO2 to the atmosphere than
the consumption of conventional OPC concrete. The overall mechanical properties of
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GPC are as good as OPC concrete with significantly high chemical and fire resistance [57]. Hence, GPC is a suitable alternative to OPC concrete with significant environmental
and economic benefits.
The durability of steel reinforced concrete (RC) structures in aggressive (marine)
environments is a major concern due to the corrosion of steel reinforcement. Therefore,
in recent years, major advancements in the fiber reinforced polymer (FRP) reinforcement
were observed [8-14]. In comparison with steel bars, FRP bars possess high corrosion
and electromagnetic resistance with high tensile strength [8,15-17]. However, apart from
the several advantageous properties, FRP bars are anisotropic and possess low strength
in compression [18,19]. Consequently, the American design code ACI 440.1R-15 [20]
and Canadian design code CSA S806-17 [21] ignore the load contribution of FRP bars in
the load carrying capacity of compression members.
The behaviour of FRP bar reinforced OPC concrete columns has been widely studied
in the literature. Tobbi et al. [22] experimentally tested concentrically loaded GFRP RC
columns. The study showed that GFRP RC columns attained comparable or even higher
load carrying capacities than the counterpart steel RC columns. Afifi et al. [18] found that
the load contribution of longitudinal GFRP bars in the load carrying capacities of GFRP
RC columns ranged between 5-10% depending on the confinement provided by the GFRP
helices. Further, the increase in the confining pressure due to the reduction in pitch of the
GFRP helices significantly improved the axial load carrying capacity and the overall
ductility of OPC and GPC concrete columns [18,23]. Maranan et al. [24] found that, the
average load contribution of GFRP bars in the axial load carrying capacities of GPC RC
columns was 7.6%. Also, it was reported that, GFRP reinforced GPC columns yielded
higher strength as compared to the GFRP reinforced OPC concrete columns [24].
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The behaviour of steel reinforced GPC columns has been analytically studied in the
literature [25,26]. The results presented in the literature reasonably predicted the response
of steel reinforced GPC columns. On the other hand, only a few studies investigated
analytically the behaviour of GPC columns reinforced with GFRP bars under different
loading conditions. Dong et al. [27] developed a model to predict the load-displacement
behaviour of rectangular GPC column. The study concluded that the theoretical
predictions provided a good correlation with the experimental results, with a difference
between theoretical and experimental results ranged from 6%-7%. Elchalakani et al. [28]
explored the behaviour of ambient-cured square GPC columns reinforced with
longitudinal GFRP bars and GFRP stirrups. It was observed that the design equations
available in different design codes for OPC concrete columns conservatively predicted
the load-moment capacities of the square GFRP reinforced GPC columns [28].
The review of the literature revealed that the behaviour of circular GPC columns
longitudinally and transversally reinforced with GFRP bars and GFRP helices,
respectively, subjected to different loading conditions has not been extensively
investigated analytically. In particular, the review of the literature highlighted the lack of
analytical models for the load-moment (P-M) interactions of circular GFRP reinforced
GPC columns. Thus, in this paper, an analytical model was developed to predict the P-M
interactions of circular GPC columns reinforced with GFRP bars and GFRP helices. The
layer-by-layer numerical integration method was used to develop the analytical P-M
interaction diagrams of GFRP bar reinforced GPC columns. The analytical P-M
interactions of reference GPC columns reinforced with an equivalent steel reinforcement
was also investigated using the developed model. The analytical results of this study
were then validated against the experimental results presented in Hadi et al. [29]. Further,
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a parametric study was conducted to explore the effect of increasing the compressive
strength of GPC and GFRP longitudinal reinforcement ratio on the behaviour of GPC
columns.
5.3 Analytical modeling
In this study, an available stress-strain model of GPC was modified to study the
behaviour of confined GPC columns. The behaviour of longitudinal reinforcement was
modeled using the approaches in the literature.
5.3.1 Modeling of confined geopolymer concrete (GPC)
Thorenfeldt et al. [30] proposed a stress-strain model to analyse the behaviour of
Portland cement based high strength concrete (HSC). The overall behaviour of GPC is
brittle, which is similar to HSC [25,31]. Sarker [25] found that the model proposed by
Thorenfeldt et al. [30] can also be used to study the stress-strain behaviour of GPC and is
given in Eq. (5.1).
𝜀𝜀
𝑛𝑛 � 𝑐𝑐 �
𝑓𝑓𝑐𝑐
𝜀𝜀𝑐𝑐𝑐𝑐
=
𝑓𝑓𝑐𝑐𝑐𝑐 𝑛𝑛 − 1 + � 𝜀𝜀𝑐𝑐 �𝑛𝑛𝑛𝑛
𝜀𝜀𝑐𝑐𝑐𝑐

(5.1)

where fc = compressive stress in concrete; εc = strain in concrete; fco = unconfined
compressive strength of concrete at 28 days, εco = unconfined concrete strain at fco; n =
curve fitting factor; and q = shape factor to control the ascending and the descending
branches of the stress-strain curve of confined GPC.
It is noted that the behaviour of GPC used in this study was similar to that used in
Sarker [25]. Therefore, in this study, Eq. (5.1) was used to model the behaviour of GPC.
However, Eq. (5.1) was further modified to predict the stress-strain behaviour of confined
GPC, as given in Eq. (5.2). The factors for unconfined GPC strength (fco) and
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corresponding unconfined concrete strain (εco) in Eq. (5.1) were replaced with the
confined GPC strength (f 'cc) and the corresponding confined GPC strain (εcc),
respectively.
𝜀𝜀
𝑛𝑛 � 𝑐𝑐 �
𝑓𝑓𝑐𝑐
𝜀𝜀𝑐𝑐𝑐𝑐
=
𝜀𝜀 𝑛𝑛𝑛𝑛
𝑓𝑓𝑐𝑐𝑐𝑐′
𝑛𝑛 − 1 + � 𝑐𝑐 �
𝜀𝜀𝑐𝑐𝑐𝑐

(5.2)

The f 'cc and corresponding confined GPC strain (εcc) were calculated using Eq. (5.3) and
(5.4), according to Karim et al. [23].
𝑓𝑓𝑐𝑐𝑐𝑐′ = 𝑘𝑘𝑐𝑐 𝑓𝑓𝑐𝑐𝑐𝑐

𝜀𝜀𝑐𝑐𝑐𝑐 = 𝑘𝑘𝑐𝑐2 𝜀𝜀𝑐𝑐𝑐𝑐

(5.3)
(5.4)

where fco = unconfined compressive strength of GPC (0.9 times of the compressive
strength of GPC concrete) and kc = confinement efficiency coefficient. The strength
reduction factor of 0.9 was adopted in place of 0.85, as recommended in Maranan et al.
[24] for GPC. The unconfined GPC strain (εco) was calculated using Eq. (5.5) based on
Farhan et al. [26].
𝜀𝜀𝑐𝑐𝑐𝑐 =

𝑛𝑛
𝑓𝑓𝑐𝑐𝑐𝑐
×
𝑛𝑛 − 1 𝐸𝐸𝑐𝑐

(5.5)

where the factor n was calculated using Eq. (5.6) as in Sarker [25] and Farhan et al. [26]
for GPC.
𝑛𝑛 = 0.8 +

𝑓𝑓𝑐𝑐𝑐𝑐
12

(5.6)

The Ec of OPC can be calculated using the equations in AS 3600-18[32] and ACI 318-19
[33]. However, none of the design codes provided the equation to predict the Ec of GPC.
Hardjito et al. [31] proposed Eq. (5.7) to calculate the Ec of GPC. Also, a detailed
experimental study conducted by Ali et al. [1] showed that Eq. (5.7) could reasonably be
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used to predict the Ec of GPC. Hence, in this study, Eq. (5.7) was used to calculate the Ec
of GPC.
𝐸𝐸𝑐𝑐 = 2707�𝑓𝑓𝑐𝑐𝑐𝑐 + 5300 (MPa)

(5.7)

The factor q in Eq. (5.2) is equal to 1 for εc / εcc ≤ 1, otherwise q can be calculated using
Eq. (5.8).

𝑞𝑞 = 0.67 +

𝑓𝑓𝑐𝑐𝑐𝑐
62

(5.8)

The factor kc was calculated using Eqs. (5.9) – (5.11), as recommended in Karim et al.
[23].
𝑘𝑘𝑐𝑐 =

5 𝑓𝑓𝑙𝑙𝑙𝑙 + 𝑓𝑓𝑐𝑐𝑐𝑐
0.5 𝑓𝑓𝑙𝑙𝑙𝑙 + 𝑓𝑓𝑐𝑐𝑐𝑐

(5.9)

where fla is the actual lateral confinement pressure provided by helices and was calculated
based on the characteristics of the helices, as shown in Eq. (5.10).
𝑓𝑓𝑙𝑙𝑙𝑙 =

π 𝑑𝑑ℎ2 𝑘𝑘𝜀𝜀 𝑓𝑓ℎ
2𝑑𝑑𝑐𝑐 𝑝𝑝

(5.10)

where dh is the diameter of helices; and kε is the reduction factor to determine the effective
strain in the helices. The kε for the GFRP helices is still under investigation due to limited
number of studies available in the literature. Thus, in this study, the k ε = 0.55 was taken
based on Pantelides et al. [34]. The fh is the tensile strength of helices; dc is the diameter
of the helically confined GPC core and p is the c/c pitch of helices. The tensile strength
of helices was calculated according to ACI 440.1R-15 [20], as shown in Eq. (5.11).
𝑓𝑓ℎ = �

0.05 𝑟𝑟ℎ
+ 0.3� 𝑓𝑓ℎ𝑢𝑢 ≤ 𝑓𝑓ℎ𝑢𝑢
𝑑𝑑ℎ

(5.11)

where rh is the radius of the helices from inner edge and fhu is the tensile strength of straight
bar used to manufacture the helices at the ultimate point.
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5.3.2 Modeling of reinforcement
The stress-strain behaviour of longitudinal steel bars were modeled considering the
elastic-plastic behaviour of the bar under compression and tension. At a given axialstrain, the axial-stress in the steel bar was determined using the elastic modulus (E) of the
steel bar. Therefore, the stress in a longitudinal steel bar fsi under compression can be
calculated using Eq. (5.12) when (εs < εy) or Eq. (5.13) when (εs > εy).
𝑓𝑓𝑠𝑠𝑠𝑠 = 𝜀𝜀𝑠𝑠𝑠𝑠 𝐸𝐸𝑠𝑠
𝑓𝑓𝑠𝑠𝑠𝑠 = 𝑓𝑓𝑦𝑦

(5.12)
(5.13)

where fsi, εsi, Es and fy are the axial stress, corresponding axial strain, elastic modulus and
strength of steel bar at yielding, respectively.
The stress-strain behaviour of longitudinal GFRP bars were modeled based on the
linear-elastic behaviour until the rupture of the bar, as adopted in Deitz et al. [35], Khan
et al. [36] and Hasan et al. [37]. At a given axial strain, the axial stress in a longitudinal
GFRP bar was calculated using the E of the longitudinal GFRP bar and can be determined
using Eq. (5.14).
𝑓𝑓𝐺𝐺𝐺𝐺 = 𝜀𝜀𝐺𝐺𝐺𝐺 𝐸𝐸𝐺𝐺

(5.14)

where fGi, εGi, and EG are the axial-stress, corresponding axial strain, and elastic tensile
modulus of the longitudinal GFRP bar, respectively.
5.4 Analytical load-moment (P-M) interaction diagrams
In this study, the load carrying capacity of the concentrically loaded steel bar
reinforced GPC columns were calculated based on ACI 318-19 [33]. The load carrying
capacities of concentrically loaded GFRP bar reinforced GPC columns were determined
based on Karim et al. [23]. The moment capacities for all the concentrically loaded GPC
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columns were considered as zero. On the other hand, a layer-by-layer numerical
integration (LLNI) method was adopted to calculate the load and moment capacities of
all GPC columns subjected to eccentric (15 mm and 35 mm) and flexural loading. The
LLNI method has been adopted in the literature for the analysis of OPC concrete columns
[36,37]. However, the method is novel to study the load-moment (P-M) interaction
diagrams for GFRP reinforced GPC columns. In this study, a MS Excel spreadsheet was
used to develop the analytical P-M interaction diagrams for all the GPC columns.
5.4.1 Load carrying capacity of concentrically loaded GPC columns
The American design code ACI 318-19 [33] recommend that the load carrying
capacities of concentrically loaded steel RC columns can be calculated using Eq. (5.15).
𝑃𝑃𝑛𝑛 = 0.85 𝑓𝑓𝑐𝑐′ �𝐴𝐴𝑔𝑔 − 𝐴𝐴𝑠𝑠 �+𝑓𝑓𝑦𝑦 𝐴𝐴𝑠𝑠

(5.15)

where Pn is the load carrying capacity of the axially loaded column; f 'c refers to the
compressive strength of concrete; Ag represents the cross-sectional gross area of concrete;
As refers to the total area of the longitudinal reinforcing steel bars; and fy is the strength of
the longitudinal reinforcing steel bar at yielding. In the literature, Eq. (5.16) has been
commonly adopted to predict the load carrying capacity of the concentrically loaded FRP
reinforced concrete columns [38,39].
𝑃𝑃𝑛𝑛 = 0.85 𝑓𝑓𝑐𝑐′ �𝐴𝐴𝑔𝑔 − 𝐴𝐴𝑓𝑓 �+ ε𝐺𝐺 𝐸𝐸𝐺𝐺 𝐴𝐴𝑓𝑓

(5.16)

where Af is the area of the GFRP bars.

Equations (5.15) and (5.16) ignore the contribution of helices in the axial load carrying
capacity of the columns. However, the detailed experimental studies on steel and GFRP
reinforced columns presented in Hadi et al. [13], Afifi et al. [18], Ali et al. [19], Maranan
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et al. [24] and reported that the pitch of the GFRP helices significantly affects the load
carrying capacity of the columns. Also, the strength reduction factor of 0.9 was
recommended to be used for GPC based in Maranan et al. [24]. The peak axial load can
be calculated by adding the contribution of the confined concrete core and the
longitudinal bars. Hence, in this study, Eqs. (5.15) and (5.16) were modified for the
participation of steel and GFRP helices in the concentric load carrying capacities of the
columns and are given in Eqs. (5.17) and (5.18), respectively.
𝑃𝑃𝑛𝑛 = 0.9 𝑓𝑓𝑐𝑐𝑐𝑐′ 𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 𝑓𝑓𝑦𝑦 𝐴𝐴𝑠𝑠

𝑃𝑃𝑛𝑛 = 0.9 𝑓𝑓𝑐𝑐𝑐𝑐′ 𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + ε𝐺𝐺 𝐸𝐸𝐺𝐺 𝐴𝐴𝑓𝑓

(5.17)
(5.18)

where Acore is the area of the confined concrete core.

5.4.2 Load and moment capacity of eccentrically and flexurally loaded GPC columns
The load and moment capacity of eccentrically and flexurally loaded GPC columns
were calculated using the LLNI method. The following assumptions were adopted in this
study for simplification:
• A plane section remains plane after the bending
• In tension zone, the tensile strength of GPC is negligible
• The strain is linearly distributed in the cross-section of the specimen
• The bond between the reinforcement and surrounding GPC is perfect
To obtain the accurate results, the whole cross-sectional area of the confined concrete
was divided into n number of small layers. Each layer has a width (bli) with a constant
thickness tli as shown in Fig. 5.1. The bli of each layer was determined using Eq. (5.19).
The thickness of each layer (tli), in this study, was considered as one millimeter. Hence,
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the total number of layers in the section was calculated by dividing the diameter (D) of
the confined concrete by the unit thickness of the layer.
2
1
2
�
𝑏𝑏𝑙𝑙𝑙𝑙 = 𝑅𝑅 − �𝑅𝑅 − �𝑖𝑖 − � × 𝑡𝑡𝑙𝑙𝑙𝑙 �
2

(5.19)

where R refers to the radius of concrete gross cross-section (D/2) and i is the number of
concrete layer from the compression side. The average width of the confined concrete
layer (bcli) can be calculated by replacing R in Eq. (5.19) with Rc (radius of the confined
concrete core). At the assumed depth (dn) of the neutral, the average axial strain in the
middle of the ith concrete layer (εci) can be calculated using Eq. (5.20).
1
�𝑖𝑖 − � × 𝑡𝑡𝑙𝑙𝑙𝑙
2
ε𝑐𝑐𝑐𝑐 = �1 −
� ε𝑐𝑐𝑐𝑐
𝑑𝑑𝑛𝑛

(5.20)

The stress in the confined concrete (fcci) can be calculated using Eq. (5.11). Therefore, the
force at the middle of each confined layer of concrete was determined using Eq. (5.21).
𝐹𝐹𝑐𝑐𝑐𝑐𝑐𝑐 =𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐 ×𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐

(5.21)

where Fcci = force in the confined concrete core layer and Acli = area of the confined
concrete layer, which can be calculated by multiplying bcli with tli.
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Fig. 5.1: Details of GPC specimens: (a) Cross-section; and (b) Stress-strain profile for P-M interaction diagrams with layer-by-layer
integration method
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The force in each reinforcing bar was determined by multiplying the stress with the area
of the bar using Eq. (5.22).
𝐹𝐹𝑏𝑏𝑏𝑏 =𝑓𝑓𝑏𝑏𝑏𝑏 ×𝐴𝐴𝑏𝑏𝑏𝑏

(5.22)

where Fbi = force in the bar, fbi = axial stress in the bar and Abi = area of the concrete layer.
For all GPC columns, fbi was calculated using Eqs. (5.12), (5.13), and (5.14). The load
carrying capacity of GPC columns can be determined by the summation of the forces in
confined GPC and longitudinal bars. It is noted that to avoid the over-estimation, the
contribution of the concrete area replaced by the longitudinal bar area (Fcbi) was
subtracted. Thus, the load carrying capacities of the GPC columns were accurately
predicted using Eq. (5.23).
𝑃𝑃𝑛𝑛 = � 𝐹𝐹𝑐𝑐𝑐𝑐𝑐𝑐 + � 𝐹𝐹𝑏𝑏𝑏𝑏 − � 𝐹𝐹𝑐𝑐𝑐𝑐𝑐𝑐

(5.23)

Similarly, the moment capacity Mn, can be determined by the summation of the moment
arm of the forces around the center of the cross-section using Eq. (5.24).
1
𝑀𝑀𝑛𝑛 = � 𝐹𝐹𝑐𝑐𝑐𝑐𝑐𝑐 �𝑅𝑅 − �𝑖𝑖 − � 𝑡𝑡𝑙𝑙𝑙𝑙 � + � 𝐹𝐹𝑏𝑏𝑏𝑏 (𝑅𝑅 − 𝑑𝑑𝑏𝑏𝑏𝑏 ) − � 𝐹𝐹𝑐𝑐𝑐𝑐𝑐𝑐 (𝑅𝑅 − 𝑑𝑑𝑏𝑏𝑏𝑏 )
2

(5.24)

5.5 Verification of analytical model based results

The load and moment capacities of GPC columns analytically determined using the
developed modeling technique were verified with the detailed experimental results
presented in Hadi et al. [29]. In this paper, the details of the experimental work and the
procedure to calculate the experimental bending moment capacity are summarized for
clarification.
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5.5.1 Summary of the experimental study
Twelve circular GPC specimens were experimentally tested under different loading
conditions (concentric, eccentric, and four-point bending). All the concentric, eccentric
and flexurally loaded specimens were categorized into three groups depending upon the
type and configuration of the reinforcement, as shown in Table 5.1. The first specimen in
each group was tested under pure concentric loading. The second and third specimens in
each group were tested under 15 mm and 35 mm eccentric axial loading. The fourth
specimen in each group was tested under pure flexural loading. The size of the axially
loaded specimens was 160×640 mm (D×H), whereas the size of the flexurally loaded
specimens was 160×1500 mm (D×H). A uniform concrete cover of 16 mm diameter was
used in all specimens. The specimens were cast using the mix design of an ambient cured
geopolymer concrete (GPC) developed in Ali et al. [1]. The first and the last testing day
average compressive strength of GPC was 58.2 MPa.
Table 5.1: Test matrix.
Group

Specimen

Size (mm)

GS40

GS40-C
GS40-15
GS40-35

160 x 640
160 x 640
160 x 640

GS40-F

160 x 1500

GG40-C
GG40-15
GG40-35

160 x 640
160 x 640
160 x 640

GG40-F

160 x 1500

GG75-C
GG75-15
GG75-35

160 x 640
160 x 640
160 x 640

GG75-F

160 x 1500

GG40

GG75

Longitudinal
reinforcement

Helices

6N10

R8 @ 40
mm

6G10

G8 @ 40
mm

6G10

G8 @ 75
mm

152

Loading
condition
Concentric
e = 15 mm
e = 35 mm
Four-point
bending
Concentric
e = 15 mm
e = 35 mm
Four-point
bending
Concentric
e = 15 mm
e = 35 mm
Four-point
bending

The specimens of the first group (GS40) were reinforced with six longitudinal N10
(diameter = 10 mm) deformed steel and R8 (diameter = 8 mm) plain steel bar helix with
40 mm pitch. The specimens in the second group (GG40) and the third group (GG75)
were reinforced with six longitudinal G10 (diameter = 10 mm) ribbed GFRP bars and G8
(diameter = 8 mm) GFRP bar helix. The pitch of the helices in Groups GG40 and GG75
was 40 mm and 75 mm, respectively. The experimental details of the bars are presented
in Hadi et al. [29]. The tensile strength at yielding of N10 and R8 steel bars was 552 MPa
and 520 MPa, respectively. The elastic modulus (E) of N10 and R8 steel bars was 193
GPa and 190 GPa, respectively. The tensile strength of G10 and G8 GFRP bars was 1263
MPa and 1162 MPa, respectively. The E of G10 and G8 GFRP bars was 63.8 GPa and
61.9 GPa, respectively. The specimens were labeled in two parts, as shown in Table 5.1.
The first part refers to the type of reinforcement and the pitch of the helices. The second
part defines the loading condition for the specimen. For example, Specimen GG40-C
refers to the GPC column internally reinforced with six longitudinal GFRP bars and
GFRP helices at 40 mm pitch subjected to axial concentric load. All the concentrically
and eccentrically (15 mm and 35 mm) loaded specimens were tested using a compression
machine of 5000 kN capacity. A loading frame of 1000 kN capacity was employed to test
the specimens under flexural load. The preparation and experimental testing of all the
specimens were carried out at the laboratories of the University of Wollongong, Australia.
5.5.2 Experimental load-moment (P-M) interaction diagrams
The experimental P-M interaction diagrams of all the specimens were plotted using
four reference points. The first reference point refers to the specimen tested under pure
concentric load. The second and third reference points refer to the specimens subjected
to 15 mm and 35 mm eccentrically loaded specimens, respectively. The fourth reference
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point refers to the moment capacity of the specimen tested as a beam under flexural load.
For the specimens tested under pure concentric load, the moment capacity was considered
as zero. The experimental moment capacities (M) of the 15 mm and 35 mm eccentrically
loaded specimens were determined using Eq. (5.25). The experimental M of the flexurally
loaded specimens tested as beams was determined using Eq. (5.26).

M = 𝑃𝑃𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 (𝑒𝑒)

M=

𝑃𝑃𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 × 𝐿𝐿
6

(5.25)
(5.26)

where; Ppeak = peak load, e = eccentricity at which the load is applied and L = length (1300
mm) in between the end supports of the beam specimens.
Table 5.2 shows the experimental peak loads and moment capacities of all the ambientcured GPC specimens experimentally tested in Hadi et al. [29] under different loading
conditions. Figure 5.2 shows the experimental P-M interaction diagrams of all GPC
columns. It can be observed that Group GS40 exhibited higher load-moment capacity
than Group GG40. The higher E value of steel bars compared to the GFRP bars resulted
in an overall increase in the load-moment capacity of Group GS40. It can also be observed
that for GFRP reinforced specimens, the increase in the pitch of the GFRP helices reduced
the confining pressure, which led to an overall decrease in the load moment capacities of
Group GG75, as shown in Fig. 5.2.
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Table 5.2: Comparison of experimental and analytical results.
Experimental
Group

GS40

GG40

GG75

Specimen

Analytical

Load (kN)

Moment
(kN.m)

Load (kN)

Moment
(kN.m)

GS40-C

1243.6

0

1041.9

0

GS40-15

925.9

13.9

768.0

11.6

GS40-35

493.7

17.3

436.0

15.3

GS40-F

-

15.6

-

14.6

GG40-C

1062.2

0

978.5

0

GG40-15

778.4

11.7

754.0

11.3

GG40-35

469.7

16.4

399.6

14.0

GG40-F

-

13.9

-

11.7

GG75-C

876.8

0

823.5

0

GG75-15

734.1

11.0

663.2

9.9

GG75-35

415.9

14.6

341.6

11.9

GG75-F

-

13.1

-

9.2

Fig. 5.2: Experimental P-M interaction diagrams of Groups GS40; GG40; and GG75
specimens
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5.5.3 Comparison of analytical and experimental P-M interaction diagrams
The experimental and analytical load and moment capacities of all the GPC specimens
subjected to different loading conditions are shown in Table 5.2. Figure 5.3 shows the
comparison of analytical versus experimental load-moment (P-M) interaction diagrams
of GPC specimens. It can be observed that the analytical P-M interaction diagrams
slightly underestimated the experimental P-M interactions for Group GS40 under
concentric, eccentric and flexural loads, as shown in Fig. 5.3(a). For Specimens GS40-C,
GS40-15, and GS40-35, the analytical axial load carrying capacities were 83.8%, 82.9%,
and 88.3%, respectively, of their experimental axial load carrying capacities. Similarly,
for Specimens GS40-15, GS40-35, and GS40-F, the analytical moment capacities were
83.5%, 88.5%, and 93.6%, respectively, of their experimental moment capacities.
For Groups GG40 and GG75 the analytical (P-M) interaction diagrams accurately
estimated the experimental (P-M) interaction diagrams for concentrically and
eccentrically loaded specimens (Fig. 5.3b and Fig. 5.3c). For Specimens GG40-C, GG4015, and GG40-35, the analytical load carrying capacities were 92.1%, 96.9%, and 85.1%,
respectively, of their experimental load carrying capacities. The analytical moment
capacities of Specimens GG40-15, GG40-35, and GG40-F were 96.8%, 85.1% and
84.2%, respectively, of their experimental moment capacities. Similarly, for Specimens
GG75-C, GG75-15, and GG75-35 the analytical load carrying capacities were 93.9%,
90.3%, and 82.1%, respectively, of their experimental load carrying capacities. The
analytical moment capacities of Specimens GG75-15, GG75-35, and GG75-F were
89.9%, 81.8%, and 70.5%, respectively, of the experimental moment capacities.
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(a)

(b)

(c)

Fig. 5.3: Experimental versus analytical P-M interaction diagrams: (a) Group GS40;
(b) Group GG40; and (c) Group GG75
Overall, the analytical model developed in this study provided reasonable predictions
for the load and moment capacities of all the specimens under concentric and eccentric
loads. The analytical results showed that the developed model predicted different load
and moment capacities for Groups GG40 and GG75. This led to the conclusion that the
developed model is capable of predicting the load and moment capacities by considering
the contribution of the confinement provided by the transverse helical reinforcement.
Therefore, the model can be adopted to predict the load and moment capacities of GFRP
bar reinforced GPC columns subjected to different loading conditions.
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5.6 Parametric analysis
The analytical modeling technique developed in this study was adopted to study the
effect of two parameters on P-M interaction diagrams of GFRP reinforced circular GPC
columns subjected to different loading conditions. In this study, the investigated
parameters included the compressive strength of geopolymer concrete and the ratio of
longitudinal reinforcement in GPC columns. The diameter of all GPC columns was
considered as 160 mm, similar to those used in Hadi et al. [29]. The behaviour of the
columns was assessed based on only one parameter at a time, considering all other
parameters constant.
5.6.1 Effect of the compressive strength of GPC
In this study, the parametric analysis was conducted using the specimens of Groups
GG40 and GG75 to study the influence of the compressive strength (f 'c) on P-M
interaction diagrams. The load-moment capacities increased by increasing the f 'c of GPC

(Fig. 5.4). The effect of increasing the f 'c of GPC was more prominent for concentric and
low level of eccentric axial loadings. This is because the role of GPC is significant in the
concentric load capacity as compared to flexural load capacity. It was observed that
increasing the f 'c of GPC from 40 to 80 MPa resulted in increasing the pure concentric
load carrying capacity of the GFRP reinforced GPC columns with 40 mm pitch of GFPP
helices by approximately 46%. Similarly, for the GFRP reinforced GPC columns with 75
mm pitch of GFPP helices, the increase in the pure concentric axial load carrying capacity
was approximately 55% due to the increase in f 'c of GPC from 40 to 80 MPa.
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(a)

(b)
Fig. 5.4: Effect of compressive strength of GPC on P-M interaction diagrams: (a)
Group GG40; (b) Group GG75
On the other hand, it was observed that the increase in the moment capacities of all
specimens under pure flexural load is not significant even at the high values of f 'c of
GPC, as shown Figs. 5.4(a) and 5.4(b). This is because concrete is weak in tension and
only primary reinforcing bars are responsible for bearing the load in the tension zone.
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Therefore, it can be concluded that using the high strength GPC can significantly improve
the load carrying capacities of the concentrically and low level of eccentrically loaded
GFRP reinforced GPC columns. Also, it was observed that the effect of increasing the f 'c
of GPC on the concentric load carrying capacity of GFRP reinforced GPC column is
significant for the columns with a higher pitch of the helices.
5.6.2 Effect of the ratio of longitudinal reinforcement
In this study, the effect of increasing the ratio of the longitudinal reinforcement (ρ) on
the P-M interaction diagrams was investigated. Groups GG40 and GG75 with four
different values of ρ were considered to study the effect of ρ on P-M interaction diagrams.
The f 'c was kept constant to 45 MPa for all the specimens. The ρ value recommended in
ACI 318-19 [33] for RC columns ranges from 1% to 8%. However, for columns with lap
spliced longitudinal reinforcement, the maximum value of ρ is recommended to be used
as 4%. Therefore, in this study, four longitudinal reinforcement ratios (ρ = 1%, 2%, 3%
and 4%) were considered.
Figure 5.5 shows the influence of the different ratios of longitudinal reinforcement on
load and moment capacities. It can be observed that overall, using the higher ρ resulted
in increasing the load and moment carrying capacities of the GFRP reinforced GPC
columns under different loading conditions. As compared to the concentric axial load
carrying capacities, the pure bending moment capacities of the specimens were
significantly increased due to an increase in ρ.
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(a)

(b)
Fig. 5.5: Effect of longitudinal reinforcement ratio on P-M interaction diagrams: (a)
Group GG40; (b) Group GG75
Increasing the ρ from 1% to 4% for the GFRP reinforced GPC columns with 40 mm pitch
of the GFRP helices resulted in increasing the flexural load carrying capacity by
approximately 108%. Similarly, the increase in the flexural load capacities for GFRP
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reinforced GPC columns with 75 mm pitch of the GFRP helices was about 120%, due to
an increase in the ρ from 1% to 4%. This pronounced improvement in the moment
capacities was due to the full utilisation of the tensile strength of GFRP bars under
flexural loading as compared to concentric loading. Hence, to increase the moment
capacities of GPC columns subjected to four-point bending high longitudinal GFRP
reinforcement ratio should be used.
5.7. Conclusions
In this study, an analytical model was developed for the prediction of the load and
moment capacities of GPC columns. The analytical results attained in this study were
verified against the experimental results. In addition, the influence of compressive
strength (f 'c) of GPC and longitudinal reinforcement ratio (ρ) on P-M interaction

diagrams was analytically investigated in a parametric study.

The developed analytical model takes into account the effect of the confinement
provided by the helical reinforcement and predicts the load and moment capacities of
GFRP reinforced GPC circular columns under different loading conditions with good
accuracy. The analytical load carrying capacities of GFRP reinforced GPC columns
ranged from 82% to 97% of the experimental load carrying capacities. The analytical
moment capacities of GFRP reinforced GPC columns ranged from 71% to 97% of the
experimental results.
The parametric analysis indicates that the load carrying capacities of GPC columns
reinforced with GFRP bars and GFRP helices can be improved significantly by using the
high-strength GPC. Also, the moment capacity of the column can be enhanced by
increasing the longitudinal GFRP reinforcement ratio in the column. The analytical
results highlights that GFRP bar reinforcement can be used as an alternative of
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conventional steel bar reinforcement for GPC columns subjected to different loading
conditions.
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6. Chapter Six: Summary and Conclusions
6.1 Summary
The objective of this research study was to investigate the behavior of plain and fiber
(polypropylene and glass) reinforced geopolymer concrete specimens reinforced with
GFRP bars and GFRP helices under different loading conditions. Initially, mix designs
for plain and fiber-reinforced geopolymer concrete were developed, followed by the
experimental testing to determine the engineering properties (workability, compressive,
splitting tensile, flexural and direct tensile strengths) of the geopolymer concrete mixes.
Afterwards, nineteen steel and GFRP bar reinforced circular specimens, categorised in
three groups, were cast and tested experimentally. The behavior of the specimens was
investigated under the influence of several parameters, such as the type of internal
reinforcement, the configuration of transverse reinforcement, the addition of
polypropylene and glass fibers and the loading condition (concentric axial load, eccentric
axial load and four-point bending). The construction of specimens, preliminary and main
experimental testing were performed at the laboratories of the School of Civil, Mining
and Environmental Engineering, University of Wollongong, Australia.
The axial load carrying capacity of the columns tested under concentric axial load was
determined using different theoretical equations available in the literature. In addition, an
analytical model was developed using the numerical integration method for the accurate
predictions of the load-moment response of the geopolymer columns reinforced
longitudinally and transversally with GFRP bars and GFRP helices, respectively. The
analytical results were then verified against the experimental results of this research
study. Moreover, a detailed parametric study was conducted to investigate the effect of
the compressive strength of geopolymer concrete and the ratio of the longitudinal
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reinforcement on the axial-flexural behavior of GFRP bar reinforced geopolymer
concrete columns. Based on the investigation conducted in this research study,
conclusions are summarised in the following section.
6.2 Conclusions
The experimental and analytical findings of this research study can be concluded as:
1.

The mix designs for ambient cured plain, polypropylene fiber (PF) and glass fiber
(GF) reinforced geopolymer concrete (GPC) were developed. The relative
performance of GPC with the addition of PF and GF in terms of workability,
compressive strength, splitting strength, flexural strength, direct tensile strength, and
stress-strain behavior under axial compression was investigated. Overall, the addition
of fibers (PF and GF) significantly improved the ductility of GPC.

2.

The axial load-deformation response of the steel and the GFRP bar reinforced GPC
specimens showed a linear behavior in the ascending part of the curves up to almost
90% of the peak axial loads. However, the peak axial load sustained by the GFRP
bar reinforced GPC specimen was approximately 14.6% less than the peak axial load
sustained by its equivalent steel bar reinforced GPC specimen.

3.

The addition of PF and GF controlled the spalling of the GPC cover and improved
the ductility of the GPC specimens reinforced with GFRP bars and helices.

4.

Under concentric axial loading, the average contribution of the longitudinal GFRP
bars in the peak load for plain geopolymer concrete GFRP bar reinforced specimens
ranged between 5% and 6%. However, in the fiber-reinforced geopolymer concrete
GFRP bar reinforced specimens, the average contribution of the longitudinal GFRP
bars in the peak load ranged between 6% and 8% of the peak load.
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5.

The failure of the steel bar reinforced specimens initiated with the buckling of the
longitudinal steel bars and then rupture of the longitudinal steel bar or fracture of
steel helix, which caused a complete failure of the specimens. On the other hand, the
failure of the GFRP bar reinforced specimens initiated with the kinking of glass fibers
in GFRP bars. The complete failure of the specimens occurred due to the rupture of
the longitudinal GFRP bars and GFRP helices.

6.

The reduction in the pitch of the GFRP helices improved the failure mode, load
carrying capacity, confinement efficiency and the ductility of the GFRP bar
reinforced GPC specimens tested under concentric axial load, eccentric (15 mm and
35 mm) axial load and four-point bending.

7.

Under four-point bending, replacing steel reinforcement with equivalent GFRP
reinforcement in GPC specimen resulted in approximately 14% and 31% higher
flexural load and ductility, respectively.

8.

The maximum axial load carrying capacity of the GPC columns reinforced with
GFRP bars and GFRP helices can be accurately predicted by considering the
contribution of the longitudinal GFRP bars and the effect of the GFRP confinement
provided by the helices.

9.

An analytical model was proposed to predict the load and moment capacities of
GFRP reinforced circular GPC columns. The developed analytical model takes into
account the effect of the confinement provided by the helical reinforcement and
capable of predicting the load and moment capacities of GFRP reinforced GPC
columns under different loading conditions with good accuracy.

10. The parametric study showed that increasing the compressive strength of GPC from
40 to 80 MPa resulted in an average increase of about 51% in the pure concentric
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load carrying capacity of GPC columns reinforced longitudinally and transversally
by GFRP bars and GFRP helices, respectively.
11. The parametric study also revealed that increasing the longitudinal reinforcement
ratio from 1% to 4%, led to an increase in the pure bending moment capacity by an
average of about 114% of GFRP reinforced GPC specimens.
12. The detailed experimental and analytical investigations conducted in this study
highlighted that GFRP cages made of longitudinal GFRP bars and GFRP helices
could be used for the internal reinforcement of geopolymer concrete columns
subjected to different loading conditions. Further, non-metallic fibers, such as PF and
GF can be incorporated to improve the ductility and overall structural performance
of GFRP bar reinforced geopolymer concrete columns.
6.3 Recommendations for future research
The findings of this research study can be utilized further to investigate the following
areas of research.
1. Experimental and analytical investigations on the structural behavior of GFRP,
CFRP and BFRP reinforced hollow geopolymer concrete columns under different
loading conditions required to be investigated.
2. Behavior of FRP reinforced geopolymer concrete columns with shape and
slenderness effects can also be investigated.
3. The structural behavior of square and circular high strength geopolymer concrete
columns reinforced with FRP under different loading conditions and is
recommended to be investigated.
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4. Durability of FRP reinforced geopolymer concrete columns under different
loading conditions is also recommended to be investigated in future research
studies.
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Preamble
Mostly the columns in a structure are subjected to both axial loads and bending moments.
These moments may be due to the misalignment of the axial load on the axial load
carrying member. Therefore, a study on structural behavior of the column can be
considered as incomplete without the load-moment interaction behavior of the column.
The load-moment interaction behavior of the FRP reinforced GPC filled FRP tube
column has not been studied in the existing literature and thus needs to be investigated.
This appendix presents an analytical model for the load-moment interaction behavior
of the FRP reinforced GPC filled FRP tube columns. The layer-by layer numerical
integration method was adopted for this analytical study and the accuracy of the
developed model was validated against the experimental results. In this study, the FRP
strain efficiency factor of 0.55 was used, based on the recommendation provided in ACI
440.2R-17 for FRP wraps. Further, the value of FRP strain efficiency factor can be
modified to study the effect of bi-axial state of stress due to the axial and hoop stresses
induced in the tube. A parametric study was performed to investigate the effects of the
compressive strength of GPC and longitudinal reinforcement ratio of FRP bars on the
load-moment interaction behavior of the FRP reinforced GPC filled FRP tube columns.
The details of the model development, validation and parametric study are presented in
this appendix. The attached manuscript has been published in Journal of Building
Engineering. The submitted manuscript is enclosed in this appendix.
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A.1 Abstract
In this study, the load moment (P-M) interaction behavior of geopolymer concrete (GPC)
filled fiber reinforced polymer (FRP) tube circular columns internally reinforced with
FRP bars was analytically investigated. An analytical model for the P-M interaction
behavior of the column was developed and validated against the experimental
investigation results. In addition, a parametric study was conducted to investigate the
influence of the compressive strength of the GPC and longitudinal reinforcement ratio on
the P-M interaction behavior of the column. The developed analytical model
conservatively predicted the P-M interaction behavior of the column. It was found that
the compressive strength of the GPC and the longitudinal reinforcement ratio
significantly influenced the P-M interaction behavior of the column.
A.2 Introduction
Concrete is a widely utilized material in the construction industry around the globe [1].
With an increase in the development of the infrastructure across the world, the utilization
of concrete is also increasing [2]. The annual global utilization of concrete is estimated to
be approximately ten billion tons [3]. The Ordinary Portland cement (OPC) is a primary
component of conventional concrete. The manufacturing process of OPC contributes to
the overall carbon dioxide (CO2) emissions in the atmosphere [4]. The CO2 emission leads
to global warming, which is recognized as a threat to the sustainable development of the
world [5]. Approximately, one ton of OPC manufacturing results in one ton of CO2
emission [6]. Also, the overall manufacturing of OPC contributes to 5% to 7% of the
annual CO2 emissions globally [7].
Geopolymer concrete (GPC) was developed in an attempt to replace the OPC concrete
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(OPCC) and reduce the environmental impacts caused by the construction industry [810]. Geopolymer concrete can be prepared by the fusion of alumina-silicate binders with
the alkaline activator. Also, the industrial wastes or by-products, including fly ash (FA)
and ground granulated blast furnace slag (GGBFS), can be utilized in the production of
GPC [11-13]. Considering GPC as green concrete, research studies around the world are
focused on exploring the new avenues of practical applications of GPC in structural
members [14, 15].
The durability of steel reinforced concrete (RC) columns is a major concern due to the
susceptibility of the corrosion of steel reinforcement in aggressive environments [16].
Fiber reinforced polymer (FRP) reinforcement was developed with a motive to address
the durability issues of RC structures by replacing steel reinforcement with FRP
reinforcement. The FRP reinforcement exhibits higher corrosion resistance, higher tensile
strength, and lower weight than the equivalent steel reinforcement [17, 18]. Several
studies explored the behavior of the FRP reinforcing bars in OPCC and GPC columns
[19-23]. The mechanical properties of FRP reinforcement differ than that of the steel
reinforcement. Higher tensile strength and lower elastic modulus are obtained by the FRP
reinforcement than the steel reinforcement [24]. The difference in the mechanical
properties results in the variance in the behavior of steel reinforced and FRP bars
reinforced concrete columns.
Concrete filled FRP tube (CFFT) columns have arisen as an attractive alternative to
the steel bar RC columns [25]. The GPC and high strength concrete (HSC) are considered
brittle concrete [26, 27]. The use of CFFT enhances the ultimate concrete compressive
strain, which improves the ductility of GPC and other HSC [26]. In addition, the use of
CFFT offers added advantages, including the use of left-in-place formwork and ease in
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the construction of columns. Moreover, CFFT columns exhibit higher strength and
ductility than the steel bar RC columns [25, 28]. Hadi et al. [29] investigated the behavior
of GPC filled basalt FRP (BFRP) tube circular column internally reinforced with BFRP
bars. Hadi et al. [29] highlighted that the BFRP reinforced GPC filled BFRP tube column
was a suitable alternative to the steel bar reinforced OPCC column with high corrosion
resistance and ductility, contributing to the development of sustainable infrastructure. The
use of GPC, BFRP bars and BFRP tube in place of OPCC, steel bars and steel helices,
respectively, increased the sustainability, corrosion resistance and ductility of the column.
Columns are primarily designed to resist axial compressive loads. However, in
practice, columns may experience the combination of axial compressive load and
moments. The moments may be produced as a result of vertical misalignment or
geometric imperfections or the position of the column in the structure [30]. The
combination of axial and flexural loads on a column influences the compressive behavior
of the column and thus requires investigation. However, a limited number of research
studies were conducted on the load-moment (P-M) interaction behavior of CFFT circular
columns internally reinforced with FRP bars [31-33]. These studies presented the
methodology to develop the P-M interaction behavior of FRP reinforced OPCC filled
FRP tube columns. Recent studies on FRP confined GPC conducted by Ozbakkaloglu
and Xie [34], Lokuge and Karunasena [35] and Ahmad et al. [36] concluded that the
behavior of FRP confined GPC was different from the behavior of FRP confined OPCC.
Hence, it is significantly important to investigate the P-M interaction behavior of the FRP
reinforced GPC filled FRP tube columns for its wide practical applications.
The P-M interaction behavior of the FRP reinforced GPC filled FRP tube circular
column has not been explored in the available literature. Also, investigations are required
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to understand the influence of different parameters on the P-M interaction behavior of the
GPC filled FRP tube circular columns internally reinforced with FRP bars. Hence, the
aim of this research study is to present a procedure for the development of the P-M
interaction behavior of the steel reinforced GPC circular columns and FRP reinforced
geopolymer concrete filled FRP tube circular columns for developing future design
guidelines. The proposed analytical approach was developed, adopting the layer-by-layer
numerical integration method. The analytical results were validated against the results of
the experimental study conducted by Hadi et al. [29] and Ahmad et al. [37]. Also, a
parametric study was conducted to ascertain the effect of compressive strength of GPC
and the ratio of longitudinal reinforcement on the P-M interaction behavior of the FRP
reinforced GPC filled FRP tube column.
A.3 Analytical modeling
A.3.1 Modeling of steel reinforced GPC
The concrete in the steel reinforced GPC circular columns was modeled as unconfined
concrete, ignoring the contribution of steel helices. This is because the contribution of
steel helices in confining the concrete up to the yielding of steel reinforcement is very
limited. Hence, the contribution of the steel helices is ignored in the calculation of load
and moment capacity of the columns [38].
A.3.1.1 Modeling of unconfined GPC
The GPC in the steel reinforced GPC columns was modeled based on the stress-strain
model of GPC presented by Sarker [39]. The model is presented in Eqs. (A.1) and (A.2).
The same model was also used by Farhan et al. [40] for steel reinforced GPC.
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(A.2)

where fc and εc are the stress and strain, respectively, at any point on the stress-strain
curve; fco' and εco are the unconfined concrete compressive strength and corresponding
strain, respectively, as defined in ACI 440.2R-17 [41]; n and k are the curve fitting factor
and shape factor, respectively, which control the shape of ascending and descending
segments of the stress-strain curve. The factor n was calculated using Eq. (A.3), as
suggested in Sarker [39].
𝑛𝑛 = 0.8 +

′
𝑓𝑓𝑐𝑐𝑐𝑐
12

(A.3)

The strain at unconfined concrete strength (εco) and k were calculated as per Collins and
Mitchell [42] and expressed by Eq. (A.4) to Eq. (A.6).
𝜀𝜀𝑐𝑐𝑐𝑐

′
𝑛𝑛
𝑓𝑓𝑐𝑐𝑐𝑐
=�
�� �
𝑛𝑛 − 1 𝐸𝐸𝑐𝑐

𝑘𝑘 = 1
𝑘𝑘 = 0.67 +

′
𝑓𝑓𝑐𝑐𝑐𝑐
62

(A.4)
(A.5)

𝑓𝑓𝑓𝑓𝑓𝑓 𝑧𝑧 ≤ 1
𝑓𝑓𝑓𝑓𝑓𝑓

𝑧𝑧 > 1

(A.6)

The recommendation in Hardjito et al. [43] was used for the calculation of the modulus
of elasticity of GPC (Eq. A.7).
′ + 5300 (MPa)
𝐸𝐸𝐺𝐺𝐺𝐺𝐺𝐺 = 2707�𝑓𝑓𝑐𝑐𝑐𝑐
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(A.7)

A.3.1.2 Modeling of steel reinforcement
The stress in the steel bar (fs) was determined using the elastic modulus and the strain
in the steel bar (εs), as presented in Eq. (A.8). It is noted that the relationship shown in
Eq. (A.8) is based on the elastic perfectly plastic behavior of the steel bar.
𝑓𝑓𝑠𝑠 = 𝐸𝐸𝑠𝑠 𝜀𝜀𝑠𝑠 ≤ 𝑓𝑓𝑦𝑦

(A.8)

where fy and Es are the yield stress and the elastic modulus of the steel bar, respectively.
A.3.2 Modeling of FRP reinforced GPC filled FRP tube columns
The GPC in the FRP reinforced GPC filled FRP tube circular columns was modeled
as the confined geopolymer concrete.
A.3.2.1 Modeling of confined GPC
The stress-strain model for FRP confined GPC is not available in the literature. Ahmad
et al. [36] tested FRP confined GPC and compared the test results with different
confinement models available for FRP confined OPCC. Ahmad et al. [36] reported that
the model presented in Youssef et al. [44] for FRP confined OPCC was able to predict
the peak compressive stress and corresponding strain of FRP confined GPC with the least
average absolute error. Also, the stress-strain curve of the FRP confined GPC developed
using Youssef et al. [44] model was close to the experimental stress-strain curve of the
FRP confined GPC. Thus, the model suggested in Youssef et al. [44] with a few
modifications was adopted in this study for modeling the behavior of FRP confined GPC.
One of the modifications was replacing the elastic modulus of OPCC with the elastic
modulus of GPC, which was determined using Eq. (A.7). Also, Lam and Teng [45]
observed that the use of actual maximum confinement pressure of the FRP confinement
could result in better prediction of confined concrete behavior, as compared to the use of
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maximum confinement pressure. The actual maximum confinement pressure is based on
the hoop rupture strain of the FRP confinement. The maximum confinement pressure
provided by the FRP tube in the model proposed by Youssef et al. [44] was replaced with
the actual maximum confinement pressure, which can be calculated based on the
recommendation in ACI 440.2R-17 [41].
Youssef et al. [44] presented the stress-strain model for FRP confined OPCC with two
branches and is expressed by Eqs. (A.9) and (A.10).
𝑓𝑓𝑐𝑐 = 𝜀𝜀𝑐𝑐 𝐸𝐸𝐺𝐺𝐺𝐺𝐺𝐺 �1 −
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(A.9)
(A.10)

where fc, εc, EGPC and E2 are the stress at any point of confined GPC, strain at any point
of confined GPC, modulus of elasticity of GPC determined from Eq. (A.7) and slope of
the second branch of the stress-strain curve, respectively. The stress and strain at the
transition point between the two branches of the stress-strain curve are denoted by ft and
εt, respectively. The factor n' is the curve fitting factor and can be determined from Eq.
(A.11).
𝑛𝑛′ =

(𝐸𝐸𝐺𝐺𝐺𝐺𝐺𝐺 − 𝐸𝐸2 )𝜀𝜀𝑡𝑡
𝐸𝐸𝐺𝐺𝐺𝐺𝐺𝐺 𝜀𝜀𝑡𝑡 − 𝑓𝑓𝑡𝑡

(A.11)

The stress and strain at the transition point can be determined using Eqs. (A.12) and
(A.13), respectively.
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(A.12)
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where ffrp, ρfrp and εtfrp are the ultimate tensile stress of the FRP tube in the circumferential
direction as determined from the material tests, volumetric ratio of the FRP tube
confinement and strain in the FRP tube at the transition point, respectively. The
volumetric ratio of FRP tube confinement can be determined using Eq. (A.14).
𝜌𝜌𝑓𝑓𝑓𝑓𝑓𝑓 =

4𝑡𝑡
𝐷𝐷

(A.14)

where t is the thicknes and D is the diameter of the FRP tube, respectively. The strain in
the FRP tube at the transition point (εtfrp) was considered 0.002, as suggested by Youssef
et al. [44]. The slope of the second branch of the stress-strain curve can be determined
using Eq. (A.15).
′
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(A.15)

The ultimate compressive stress (fcc') and ultimate compressive strain (εcu) conditions of
the FRP confined GPC were determined with the relationships presented in Eqs. (A.16)
and (A.17), respectively.
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0.5

(A.17)

where fl,a is the actual confinement pressure, which can be determined using Eq. (A.18),
as recommended in ACI 440.2R-17 [41].
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𝑓𝑓𝑙𝑙,𝑎𝑎 =

2𝐸𝐸𝑓𝑓𝑓𝑓𝑓𝑓 𝑡𝑡𝜀𝜀ℎ,𝑟𝑟𝑟𝑟𝑟𝑟
𝐷𝐷

𝜀𝜀ℎ,𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑘𝑘𝜀𝜀 𝜀𝜀𝑓𝑓𝑓𝑓𝑓𝑓

(A.18)

(A.19)

where εh,rup is the rupture strain of FRP tube in the circumferential direction, which can
be determined by using Eq. (A.19). In Eq. (A.19), εfrp is the ultimate tensile strain of the
FRP tube in the circumferential direction and kε is the FRP strain efficiency factor, as
defined in ACI 440.2R-17 [41]. A value of 0.55 was used for the FRP strain efficiency
factor, as recommended in ACI 440.2R-17 [41].
A.3.2.2 Modeling of FRP bars
The stress in the FRP reinforcing bar (fb) at a particular strain (εb) was determined as
a function of the elastic modulus of the FRP bar (Eb). The relationship between stress and
strain of the FRP bar is linear elastic until the rupture of FRP bar and is expressed as Eq.
(A.20).
𝑓𝑓𝑏𝑏 = 𝐸𝐸𝑏𝑏 𝜀𝜀𝑏𝑏

(A.20)

A.4 Analytical load moment interactions
Based on the presented material models, an analytical model for the P-M interaction
diagram of FRP reinforced GPC filled FRP tube column was developed. The
development of the analytical model for the P-M interaction diagram has been briefly
discussed below.
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A.4.1 Columns under concentric load
The first point on a P-M interaction diagram is on the load axis representing the column
under concentric axial load. The axial load capacity (Pns) of the steel reinforced GPC
column was calculated using Eq. (A.21), as suggested in ACI 318-19 [38]. A similar
expression was also used for modelling the steel reinforced geopolymer concrete columns
in Farhan et al. [40]
𝑃𝑃𝑛𝑛𝑛𝑛 = 𝛼𝛼𝑓𝑓𝑐𝑐′ �𝐴𝐴𝑔𝑔 − 𝐴𝐴𝑠𝑠 � + 𝑓𝑓𝑦𝑦 𝐴𝐴𝑠𝑠

(A.21)

where α is the strength reduction factor; fc' is the average compressive strength of concrete
at 28 days; fy is the yield strength of steel; Ag represents the gross cross-sectional area of
the column; As refers to the cross-sectional area of steel bars, respectively. The axial load
capacity (Pnb) of FRP reinforced GPC filled FRP tube columns was calculated using Eq.
(A.22), based on the recommendations in Maranan et al. [22].
𝑃𝑃𝑛𝑛𝑛𝑛 = 𝛼𝛼𝑓𝑓𝑐𝑐𝑐𝑐′ �𝐴𝐴𝑔𝑔 − 𝐴𝐴𝑏𝑏 � + 𝐸𝐸𝑏𝑏 𝜀𝜀𝑓𝑓 𝐴𝐴𝑏𝑏

(A.22)

where Ab is the cross-sectional area of FRP bars and εf is the strain in the FRP bar at
failure. It was assumed that the bond between the FRP bar and surrounding GPC is
perfect. Therefore, the strain in the FRP bar at the failure of the column was considered
to be equal to εcu for the FRP reinforced GPC filled FRP tube columns. The strength
reduction factor (α) of 0.85 has been been adopted in numerous research studies on OPCC
columns. However, Maranan et al. [22] recommended that the strength reduction factor
for GPC should be higher than the strength reduction factor for OPCC. Hence, the
strength reduction factor for GPCC was considered as 0.9, based on the recommendation
in Maranan et al. [22].
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A.4.2 Columns under eccentric and flexural load
The load and moment capacity of the columns under eccentric and pure bending loads
were determined using the layer-by-layer numerical integration method. This method has
been used in several research studies for the development of P-M interaction curves [24,
31, 33, 40]. The feasibility of this method to investigate the P-M interaction behavior of
the FRP tube confined FRP reinforced GPC has not been assessed yet. In this method, the
cross-section of the column was assumed to consist of m horizontal layers, as shown in
Fig. A.1. The accuracy of the result increases with the reduction in the thickness of the
layer. Thus, in this study, the thickness of each layer was assumed to be 1 mm. Figures
A.1(a) and A.1(b) show the strain, stress and force distribution along the cross-section of
steel reinforced GPC column and FRP reinforced GPC filled FRP tube column,
respectively. The following assumptions were made for developing the analytical
procedure.
a. A plane section remains plane before and after bending.
b. The strain distribution along the cross-section of the column is linear.
c. The strain in a single layer is uniform.
d. The tensile strength of GPC is ignored, as the tensile strength of GPC is significantly
lower than its compressive strength.
e. The compressive strength of FRP tube is ignored, as the majority of the fibers in the
tube were oriented in the hoop direction and did not contribute to the strength in the
longitudinal direction.
f. The bond between steel or FRP bars and surrounding GPC is perfect.
g. The composite action between the FRP tube and GPC is fully developed.
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Fig. A.1: Stress-strain distribution for the computation of P-M interactions of (a) steel reinforced GPC (b) FRP reinforced GPC filled FRP
tube
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A neutral axis depth (c) was assumed to start the procedure. The strain at the center of
each layer can be determined using Eq. (A.23).
1
𝑐𝑐 − �𝑖𝑖 − � 𝑡𝑡𝑖𝑖
2 � 𝜀𝜀
𝜀𝜀𝑐𝑐𝑐𝑐 = �
𝑐𝑐𝑐𝑐
𝑐𝑐

(A.23)

where i is the number of the layer from extreme compression face, ti is the thickness of
the layer and εcu is the ultimate concrete strain at the extreme compression face. The value
of εcu was used as 0.003 for steel reinforced unconfined GPC columns. Whereas for the
FRP tube confined columns, εcu was calculated using Eq. (A.17). The stress (fci) in each
layer of concrete for steel reinforced GPC columns was calculated using Eq. (A.1). The
fci for confined GPC in case of tube confined columns was calculated using the stressstrain model presented in Eqs. (A.9) and (A.10). The force resulting in each concrete layer
(Fci) for steel bar reinforced GPC columns or FRP tube confined GPC columns was
calculated using Eq. (A.24).

𝐹𝐹𝑐𝑐𝑐𝑐 = 𝑓𝑓𝑐𝑐𝑐𝑐 𝐴𝐴𝑖𝑖

(A.24)

where Ai is the area of concrete layer only, which was calculated by multiplying the
thickness of the layer (1 mm in this study) with the average width (bi). The average width
(bi) is the width of the concrete layer, excluding the external FRP tube, which was
calculated using Eq. (A.25).

2
𝐷𝐷 2
𝐷𝐷
1
�
𝑏𝑏𝑖𝑖 = 2 � � − � − �𝑖𝑖 − � 𝑡𝑡𝑖𝑖 �
2
2
2
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(A.25)

where ti refers to the thickness of the layer; D refers to the diameter of the infill concrete.
The average width for FRP tube confined columns (bo) was calculated using Eq. (A.25)
by replacing D with Do (outer diameter of FRP tube). For the FRP tube confined GPC
columns, the tensile force due to the FRP tube at mid-height of each layer was determined
using Eq. (A.26).

𝐹𝐹𝑡𝑡𝑡𝑡 = 𝐸𝐸𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝜀𝜀𝑐𝑐𝑐𝑐 (𝐴𝐴𝑜𝑜 − 𝐴𝐴𝑖𝑖 )

(A.26)

where Elfrp is the elastic modulus of FRP tube in the longitudinal direction and Ao is the
total area of the layer, including the concrete and the FRP tube, which was determined by
multiplying the total width of the layer (bo) with the thickness of the layer (ti). The tensile
force in the concrete was assumed to be zero for the layers under tension. Similarly, the
compressive force (Fti) in the FRP tube was assumed to be zero, where the layers were
subjected to compressive strain. The strain in each reinforcing bar (either steel (εsi) or
FRP (εbi)) was calculated using Eq. (A.27)

𝜀𝜀𝑖𝑖 = �

𝑐𝑐 − 𝑑𝑑𝑖𝑖
� 𝜀𝜀𝑐𝑐𝑐𝑐
𝑐𝑐

(A.27)

where di is the distance of the reinforcing bar from the extreme compression fiber. The
stresses in each steel and FRP reinforcing bar were calculated using Eqs. (A.28) and
(A.29), respectively.
𝑓𝑓𝑠𝑠𝑠𝑠 = 𝐸𝐸𝑠𝑠 𝜀𝜀𝑠𝑠𝑠𝑠 ≤ 𝑓𝑓𝑦𝑦

𝑓𝑓𝑏𝑏𝑖𝑖 = 𝐸𝐸𝑏𝑏 𝜀𝜀𝑏𝑏𝑏𝑏 ≤ 𝑓𝑓𝑏𝑏𝑏𝑏
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(A.28)
(A.29)

The forces in each steel bar (Fsi) and FRP bar (Fbi) were determined using Eqs. (A.30)
and (31), respectively.

𝐹𝐹𝑠𝑠𝑠𝑠 = 𝑓𝑓𝑠𝑠𝑠𝑠 𝐴𝐴𝑠𝑠𝑠𝑠

(A.30)

𝐹𝐹𝑏𝑏𝑏𝑏 = 𝑓𝑓𝑏𝑏𝑏𝑏 𝐴𝐴𝑏𝑏𝑏𝑏

(A.31)

The areas of the longitudinal steel reinforcing bars and FRP reinforcing bars were taken
into account in the calculation of forces of both the concrete and the reinforcement bars.
Therefore, the contribution of the concrete area substituted by reinforcement bars was
deducted from the load and moment capacities to avoid overestimation. The strain in
concrete at the level of reinforcing bar (εcdi) was calculated using Eq. (A.27). The stress
in the concrete (fcdi) at the level of the respective reinforcing bar was calculated by
replacing the respective strain (εcdi) in Eq. (A.1) for steel reinforcement and Eqs. (A.9)
and (10) for FRP reinforcement. The compressive force and corresponding moment due
to the concrete at the reinforcing bar area were calculated using Eq. (A.32) and Eq. (A.33),
respectively.

𝐹𝐹𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐 𝐴𝐴𝑖𝑖
𝐷𝐷
𝑀𝑀𝑐𝑐𝑐𝑐𝑐𝑐 = 𝐹𝐹𝑐𝑐𝑐𝑐𝑐𝑐 � − 𝑑𝑑𝑖𝑖 �
2

(A.32)

(A.33)

where Ai is the area of the steel bar (Asi) or the FRP bar (Abi) at any level, fcdi is the stress
at the level of the steel bar (fsdi) or the FRP bar (fbdi), Fcdi is the force in the area of concrete
replaced by the steel bar (Fsdi) or the FRP bar (Fbdi), and Msdi is the moment due to the
area of concrete replaced by the steel bar (Msdi) or FRP bar (Mbdi).
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The eccentric load capacities of the steel reinforced GPC columns (Pns) and FRP
reinforced GPC filled FRP tube columns (Pnb) were determined using Eqs. (A.34) and
(A.35), respectively.

𝑃𝑃𝑛𝑛𝑛𝑛 = �(𝐹𝐹𝑐𝑐𝑐𝑐 + 𝐹𝐹𝑡𝑡𝑡𝑡 ) + � 𝐹𝐹𝑠𝑠𝑠𝑠 − � 𝐹𝐹𝑠𝑠𝑠𝑠𝑠𝑠

(A.34)

𝑃𝑃𝑛𝑛𝑛𝑛 = �(𝐹𝐹𝑐𝑐𝑐𝑐 + 𝐹𝐹𝑡𝑡𝑡𝑡 ) + � 𝐹𝐹𝑏𝑏𝑏𝑏 − � 𝐹𝐹𝑏𝑏𝑏𝑏𝑏𝑏

(A.35)

The moment capacities of the steel reinforced GPC columns (Mns) and the FRP reinforced
GPC filled FRP tube columns (Mnb) were calculated by using Eqs. (A.36) and (A.37),
respectively.

1
𝐷𝐷
𝐷𝐷
𝑀𝑀𝑛𝑛𝑛𝑛 = �(𝐹𝐹𝑐𝑐𝑐𝑐 ) � − �𝑖𝑖 − � 𝑡𝑡𝑖𝑖 � + � 𝐹𝐹𝑠𝑠𝑠𝑠 � − 𝑑𝑑𝑖𝑖 � − � 𝑀𝑀𝑠𝑠𝑠𝑠𝑠𝑠
2
2
2
1
𝐷𝐷𝑜𝑜
𝐷𝐷𝑜𝑜
𝑀𝑀𝑛𝑛𝑛𝑛 = �(𝐹𝐹𝑐𝑐𝑐𝑐 + 𝐹𝐹𝑡𝑡𝑡𝑡 ) � − �𝑖𝑖 − � 𝑡𝑡𝑖𝑖 � + � 𝐹𝐹𝑏𝑏𝑏𝑏 � − 𝑑𝑑𝑖𝑖 � − � 𝑀𝑀𝑏𝑏𝑏𝑏𝑏𝑏
2
2
2

(A.36)

(A.37)

The developed methodology was programmed in MS Excel to calculate the load and
moment capacity at a particular eccentricity.
A.5 Validation of the developed methodology
A.5.1 Brief description of experimental results
The experimental program used to validate the developed methodology for the P-M
interaction behavior of the FRP reinforced GPC filled FRP tube column consisted of
twelve specimens. The experimental results and the details of the preparation,
instrumentation and testing procedure have already been presented in Hadi et al. [29] and
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Ahmad et al. [37]. Table A.1 shows the test matrix used in this study.
Table A.1: Test matrix
Group
Specimen
Longitudinal
Lateral
Loading
designation designation reinforcement confinement eccentricity
( 0 )
R-0
R

R-25
R-50

BGBT

Steel helix

25
50

R-F

Flexure

BGBT-0

0

BGBT-25
BGBT-50

GGGT

Steel bars

BFRP bars

BFRP tube

25
50

BGBT-F

Flexure

GGGT-0

0

GGGT-25
GGGT-50

GFRP bars

GGGT-F

GFRP tube

25
50
Flexure

The specimens were classified in three groups. The first group consisted of the steel
reinforced GPC reference (R) columns with 200 mm diameter and 800 mm height. The
steel reinforced specimens were reinforced longitudinally with 12 mm diameter steel bars
and transversally with helices of 10 mm plain steel bar with 60 mm pitch. The second
group included BFRP bar reinforced GPC filled BFRP tube columns (BGBT). The
specimens in the second group were reinforced internally with 15 mm diameter
longitudinal BFRP bars. The third group included glass FRP (GFRP) bar reinforced GPC
filled GFRP tube columns (GGGT). The diameter of GFRP bars used for reinforcing the
third group was 17 mm. The internal diameter of both the GFRP and BFRP tubes was
200 mm with a thickness of 1.5 mm. The height of each tube column was 812 mm. Each
group consists four specimens. One specimen from each group was subjected to pure
concentric axial load. Two specimens of each group were subjected to eccentric axial
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loads; one under 25 mm and one under 50 mm eccentricity. The last specimen from each
group was subjected to pure flexural load.
The average compressive strength of GPC at 28 days was 47 MPa determined by
testing the cylinder of 153 mm diameter and 306 mm height. The steel and FRP bars were
tested in tension in accordance with AS1391-07 [46] and ASTM D7205/D7205M-16
[47], respectively. The average tensile strength of steel, BFRP and GFRP bars was 650
MPa, 778 MPa and 749 MPa, respectively. The elastic modulus of the BFRP and GFRP
tubes in the circumferential direction was 42.3 GPa and 57 GPa, respectively, tested in
accordance with ASTM D2290-08 [48]. The details of the tests conducted to determine
the mechanical properties of the materials can be found in Hadi et al. [29] and Ahmad et
al. [37].
Experimental P-M interaction points were determined for all the specimens. The
experimental load and moment values are shown in Table A.2. The experimental P-M
interactions were plotted in Fig. A.2 for all three groups of specimens. For concentric and
eccentric loaded specimens, the axial load was determined as the peak load resisted by
each specimen. For eccentrically loaded specimens, the bending moment was determined
using Eq. (A.38)
𝑀𝑀 = 𝑃𝑃(𝑒𝑒)

(A.38)

where M, P and e are the moment capacity, peak load and eccentricity, respectively. For
the specimens tested under flexural load, the moment was calculated using Eq. (A.39)

𝑀𝑀 =

𝑃𝑃𝑃𝑃
6
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(A.39)

where P is the peak load experienced by the test specimen under flexural load and l is the
span of the test specimen.
Table A.2. Experimental and analytical peak loads and moments
Experimental

Analytical

Load

Moment

Load

Moment

(kN)

(kN.m)

(kN)

(kN.m)

R-0

1946

0

1707

0

R-25

1207

30

912

23

R-50

694

35

555

28

R-F

0

28

0

22

BGBT-0

1810

0

1649

0

BGBT-25

1159

29

1101

27

BGBT-50

660

33

704

35

BGBT-F

0

34

0

34

GGGT-0

2283

0

1822

0

GGGT-25

1354

34

1178

29

GGGT-50

826

41

753

38

GGGT-F

0

38

0

37

Specimen
designation

A.5.2 Comparison of experimental and analytical P-M interactions
Table A.2 shows the experimental and analytical loads and moments for each tested
specimen. The experimental P-M interaction points for all the three groups are compared
with the analytical P-M interaction points in Fig. A.2.
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(a)

(b)

(c)
Fig. A.2: Experimental and analytical P-M interaction diagrams of (a) Group R; (b)
Group BGBT; (c) Group GGGT.
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It can be observed from Fig. A.2(a) that for Group R, the stress-strain model presented in
Sarker [39] provided reasonable correlations with the experimental P-M interaction
diagram. For Specimens R-0, R-25 and R-50, the analytical axial loads calculated with
the proposed model were 88%, 75% and 80% of the experimental loads, respectively.
Also, the analytical moments calculated with the same model for Specimens R-25, R-50
and R-F were 76%, 80% and 78% of the experimental moments, respectively. The
difference between the experimental and analytical results might be due to the
assumptions made in this study. Although the contribution of the steel helices was
ignored, the steel helices might have provided some confinement in increasing the
compressive strength of concrete, which might led to the difference in analytical and
experimental capacities.
It can be noticed from Fig. A.2(a) that the analytical P-M interaction curve drawn with
the developed model matched well with the experimental P-M interaction curve. This
shows that the model developed in this study is conservative and can be used to design
the steel reinforced GPC columns.
The comparison of the experimental and the analytical P-M interaction diagrams for
Groups BGBT and GGGT is shown in Figs. A.2(b) and A.2(c), respectively. The
analytical load capacity calculated with the proposed model for Specimens BGBT-0,
BGBT-25, BGBT-50, GGGT-0, GGGT-25 and GGGT-50 was 91%, 95%, 106%, 80%,
87% and 91% of the experimental load capacity, respectively. This shows that the
proposed model conservatively predicted the load capacity of all the specimens in both
the groups except Specimen BGBT-50.
The analytical moment capacities calculated with the proposed model for Specimens
BGBT-25, BGBT-50, BGBT-F, GGGT-25, GGGT-50 and GGGT-F were 95%, 106%,
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99%, 87%, 91% and 99% of the experimental moment capacity, respectively. The load
and moment capacities for Specimen BGBT-50 were overestimated by 6%. This might
be due to the minor misalignment and increase in the load eccentricity, which caused the
reduction in the experimental axial load and moment capacities. It can be noticed from
Fig. A.2(b) and Fig. A.2(c) that the proposed model reasonably predicted the load and
moment capacities of the FRP reinforced GPC filled FRP tube columns. Therefore, it can
be deduced that the analytical procedure developed using the stress-strain model of
Youssef et al. [44] can be used for the development of the P-M interaction behavior of
FRP reinforced GPC filled FRP tube columns.
A.6 Parametric study
The developed analytical approach presented in this study was used to conduct a
parametric study. The influence of the compressive strength of GPC (fc') and the
longitudinal reinforcement ratio (ρ) on the P-M interaction behavior of the FRP bar
reinforced GPC filled FRP tube columns was investigated. All the other parameters,
including cross-sectional dimension and height of the column, were used similar to those
used in the experimental study.
A.6.1 Effect of the compressive strength of GPC
Five different compressive strengths of GPC (40, 50, 60, 70 and 80 MPa) were used
to ascertain the effect on the P-M interaction behavior of the FRP bar reinforced GPC
filled FRP tube column. Figures A.3(a) and A.3(b) show the effect of the compressive
strength of GPC on P-M interaction behavior of Groups BGBT and GGGT, respectively.
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(a)

(b)
Fig. A.3: Effect of compressive strength of GPC on P-M interaction curves for (a)
Group BGBT and (b) Group GGGT
As expected, the increase in the compressive strength of GPC led to an overall increase
in the load and moment capacities of both groups. With the increase of fc' of GPC from
40 MPa to 80 MPa, Groups BGBT and GGGT experienced an average increase of 45%
in the concentric load carrying capacity and 11% in the pure bending moment capacity.
197

The increase is significant in concentric axial load capacity as compared to the pure
bending capacity. It can be attributed to the fact that the compressive strength of GPC has
a dominant role in the axial load carrying capacity of the column as compared to the pure
bending moment capacity of the column. Thus, the load and moment capacities of the
FRP bar reinforced GPC filled FRP tube columns can be significantly improved with the
use of high strength GPC.
A.6.2 Effect of the longitudinal reinforcement ratio
The longitudinal reinforcement ratio (ρ) is one of the main parameters in the P-M
interaction behavior of the proposed column type. The minimum and maximum limits of
the longitudinal reinforcement ratio in a column as per ACI 318-19 [38] are 1% and 8%,
respectively. Five different longitudinal reinforcement ratios (1.45%, 2.46%, 3.27%,
5.25% and 7.05%) for different FRP bar sizes (10 mm, 13 mm, 15 mm, 19 mm and 22
mm) were used to conduct the parametric study. The longitudinal reinforcement ratios
were varied while keeping all the other parameters constant. The influence of the
longitudinal reinforcement ratio on the P-M interaction behavior of Group BGBT and
GGGT is shown in Figs. A.4(a) and A.4(b), respectively.
It can be observed that Groups BGBT and GGGT experienced an average increase of
33% in the concentric load capacity and 41% in the pure bending capacity when the ρ
was increased from 1.45% to 7.05%. The enhancement of pure bending capacity with the
increase of the reinforcement ratio was significant. This is because, under pure bending
condition, the internal FRP bars were in tension and the tensile strength of FRP bar is
higher than its compressive strength. In addition, it can be noticed that with the increase
in ρ, Groups BGBT and GGGT showed almost a similar increase in the load and moment
capacities of both the groups.
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(a)

(b)
Fig. A.4: Effect of longitudinal reinforcement ratio on P-M interaction curves for (a)
Group BGBT and (b) Group GGGT
A.7 Conclusions
This study investigated the P-M interaction behavior of the GPC filled FRP tube
columns internally reinforced with FRP bars. The layer-by-layer numerical integration
approach was used. The theoretical approach was validated against the experimental
results. In addition, a parametric study was carried out to understand the effects of the
199

compressive strength of GPC and longitudinal reinforcement ratio on the P-M interaction
behavior of the column. The conclusions deduced from the study are summarized as
follows:
1. An analytical model was developed in this study to predict the P-M interaction behavior
of the FRP reinforced GPC filled FRP tube columns. The developed model is capable of
predicting load and moment capacities of the FRP reinforced GPC filled FRP tube
columns with a reasonably good accuracy.
2. The increase of compressive strength of GPC from 40 MPa to 80 MPa resulted in an
average increase of about 45% in the axial load capacity of the FRP reinforced GPC filled
FRP tube columns.
3. The average increase in the moment capacities of the FRP reinforced GPC filled FRP
tube columns was approximately 41%, with the increase of longitudinal reinforcement
ratio from 1.45% to 7.05%. Also, the analytical investigation revealed that the increase in
moment capacities for BFRP and GFRP reinforced specimens was similar for the increase
of the same amount of longitudinal reinforcement.
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